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Metal-organic frameworks (MOFs) are porous crystalline materials composed of metal ions or clusters 
coordinated to organic ligands. Various metal ions and different organic ligands induces different 
topology, pore size and chemical properties of the MOFs. Such MOFs were able to predict and design 
the structures, resulting in 90,000 MOFs synthesized until 2020. However, the new MOFs are limited 
to synthesize by using common materials. To overcome the limit, modified MOFs were introduced by 
defective MOFs (DEMOFs) and post-synthetic modification (PSM). These MOFs provided the new 
active sites, some increasing the porosity, which can be applied in additional application such as gas 
storage, catalysts and sensors.  
In the first part of the thesis, the functionalized defect-engineered MOF-74 (DEMOF-74) has been 
introduced by install fragmented ligand. MOF-74 is one-dimensional porous materials and the organic 
linkers are connected between infinite metal rod. Due to stable and potential active metal sites, MOF-
74 was attractive materials for various application. However, because of the ligand and structure 
limitation, the additional functional groups were difficult to introduced in frameworks. Herein, 
DEMOF-74 was synthesized by fragmented ligands, salicylic acid with various functional groups 
including amino, hydroxyl, formyl groups, that can be installed in frameworks up to 40 %, increasing 
the porosity for N2, CO2 and H2 gases.  
The second part of the thesis demonstrates amine-tagged fragmented ligand installation for the covalent 
modification of MOF-74. MOF-74 is one of the most explored MOFs, but its functionalization is limited 
to the dative PSM of the monodentate solvent site. Owing to the nature of the organic ligand and 
framework structure of MOF-74, the covalent PSM of MOF-74 is very demanding. Herein, we report, 
for the first time, the covalent PSM of amine-tagged defective Ni-MOF-74, which is prepared by de 
novo solvothermal synthesis using aminosalicylic acid as a functionalized fragmented organic ligand. 
The covalent PSM of the amino group generates metal-binding sites, and subsequent post-synthetic 
metalation with Pd(II) ions affords Pd(II)-incorporated Ni-MOF-74 catalyst. This catalyst exhibits 
highly efficient, size-selective, and recyclable catalytic activity for the Suzuki–Miyaura cross-coupling 
reaction. This strategy is also useful for the covalent modification of amine-tagged defective 
Ni2(DOBPDC), an expanded analog of MOF-74. 
The last part of the thesis includes the fluorescence sensing of H2O in D2O using H2BDC-(OH)2@MIL-
53(In)-(OH)2. MIL-53(In)-(OH)2 synthesized using mixed solvent, H2O and DMF, (MIL-53-H/DMF), 
is unstable in water which does not include free ligand in the pore. MIL-53-H/DMF when dispersed in 
water, spits into micro-sized and nanoparticles. Two types of particles induce different fluorescence 
emission in H2O and D2O because of the different binding mode. In order to stabilize MIL-53(In)-(OH)2, 
MIL-53-H was synthesized using only H2O as the synthesis solvent. MIL-53-H that includes 
removable free ligands (H2BDC-(OH)2) is stable in H2O and air and showed the efficient fluorescence 
sensing properties for the ratiometric detection of H2O and D2O. 
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1.1 Metal-Organic Frameworks 
In the past decades, metal-organic frameworks (MOFs) have been researched as the one of the most 
important porous materials.1,2 MOFs are built using metal ions or clusters coordinated with organic 
ligands, which result in crystalline porous materials (Figure 1.1). The secondary building unit (SBU) 
constructed by metal ion or cluster are connected by the organic unit, that results in the various 
framework topology.3 Maintaining the same topology, isoreticular MOFs gave a new class of porous 
materials by using different metals or expanding the organic linkers with additional phenyl units or 
including various functional groups (Figure 1.2).4 As the consequence, over 90,000 MOFs were 
reported by combining metal nodes and organic ligands and 500,000 MOFs were predicted.5 Moreover, 
the altered MOFs (defect engineering,6 post-synthesis modification7 and hierarchical assemblies8) 
provided new opportunities resulting in flexible materials, tuning the porosity and additional 
functionalities. The designed MOFs are used in practical applications such as gas adsorption,9 
separations,10 catalyses,11 chemical sensing,12 proton conductivity,13 and biomedical14 (Figure 1.3). 
 
Figure 1.1 Scheme of MOFs synthesis using metal ion and organic ligands. 
 
 
Figure 1.2 Isoreticular MOFs with different metal or organic linkers.4 
 
Figure 1.3 Different applications of MOFs explored.15 
 
1.2 Defect-engineered MOFs 
Defect crystal is the imperfect crystal including structure irregularities or disorders in real crystals. The 
control of defect give rise to change in the chemical and physical properties and functions. Defect-
engineered MOFs (DEMOFs) is focused concept for tuning the materials that give new opportunities 
exhibiting various porosity,20 functional groups21 and catalytic sites.22 The strategy of synthesis 
DEMOFs are de novo synthesis (mixed linker, modulator, control the crystal growth) and post synthetic 
treatment (mechanical, acid/base treatment, SALE/SALI and harsh activation) (Figure 1.4).23  
Mixed linker approach is used to synthesize MOF using the mixture of original linker and fragmented 
linkers, which provide additional porosity and functional groups for catalytic sites. In addition, in order 
to match the charge of ligands, either metal is reduced, or metal (or metal clusters) are removed. The 
mixture of BTC and fragmented linker in HKUST-1 showed that depending the amount of the 
introduced fragmented linkers, Cu2+ is reduced to Cu1+, Cu2+ ion is removed or cluster is released. The 
mixed linker approach has been mostly reported by cluster based MOFs like HKUST-1, UIO-66 and 
MOF-5. Meanwhile, the rod MOF are rarely reported such as MOF-74 because the rod net is too stable 
to remove metal in DEMOFs synthesis.  
 




1.3 Post-synthetic modification 
Post-synthetic modification (PSM) of MOFs gave the opportunites to alter the structure and properties 
of MOFs. PSM are classified as dative PSM, postsynthetic deprotection (PSD) and covalent PSM 
(Figure1.5).7 Dative PSM refers to the strategy of attaching orgamic molecules to unsaturated metal 
sites through coordination bond.21 MOF-7422,23, HKUST-124 and MOF-80825 have the open metal sites 
at SBUs after removing the bound solvent. Amine, pyridine based molecues are coordinated and result 
in introducing base sites, hydrogen bond affinities and pore tuning for application as proton 
conductors,22,25 gas and chemical separation.23 Alternatively, PSD strategy is the cleavage of a chemical 
bond of protected fucntional groups.26 Some linkers are unstable in special sovlothermal condtion so 
the protecting groups were used in primary and removed postsynthetic procedure. 
Covalent PSM used the reaction between functional group in ligands and reagent via covalent bond. 
This strategy is useful approach for providing metal installation sites and new functional groups. Most 
of the studies were conducted in the MOFs made using ditopic linkers (BDC2-, BPDC2-) that are 
commocially available including functional groups.27,28 Amine-tagged MOFs were the representive 
strategy for covalent PSM, for example, amine groups were combined with aldehyde forming imine 
bond and with carboxylate forming amide bond. Yaghi and co-workers introduced the Pd incorporated 
isoreticular UMCM-1 in which NH2-BDC2- was reacted with 2-pyridinecarboyxladehyde to give metal 
incorporated sites.29 Whereas, since tritopic linkers (BTC3-, BTB3-) and tetratopic linkers (DOBDC4-, 
DOBPDC4-) were difficult to synthesize the functionized ligands, the few covalent PSM cases were 
reported.30,31 
 
Figure 1.5. General approach for (a) covalent PSM, (b) dative PSM, and (c) PSD.7  
1.4 Flexible MOFs 
Flexible MOFs, also called soft porous crystals, are structural changes without bond breaking in external 
stimuli such as guest molecules, heat, pressure and light (Figure 1.6).32,33 MOFs contain guest 
molecules in their pores, among which flexible MOFs undergo structural changes when guest molecules 
are removed. Based on the guest removal phenomenon, flexible MOFs are classified as breathing, 
swelling, linker rotation and subnetwork displacement.34,35,36 Since the flexibility can be controlled, 
frameworks are studied in a variety of application such as gas adsorption, separation and sensors by 
controlling the pore. 
Breathing behavior are sometimes based on host-guest interaction and guest-guest interaction 
representatively known through MIL-53.37,38 The cooperative effect of metal nodes and organic linker 
is lead to the structure transformation from open pore state (op) to close pore state (cp). Flexibility can 
be controlled by functional groups in linker, type and amount of guest molecules and crystal sizes as 
the result of change in the host-guest and guest interactions. The proper rigidity control is especially a 
critical issue for gas storage and separation. 
 
Figure 1.6. MOFs are classified as 1st, 2nd and 3rd generation. (b)~(e) the classification of dynamic 
structures behaviors upon adsorption/desorption of guest molecules.32  
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MOF-74 is one-dimensional hexagonal channel structure including the high density of potential 
unsaturated metal sites.1,2 Infinite metal chains are connected by linker (2,5-dihydroxyl-1,4-
benzenedicarboxylate, DOBDC4-) in which one metal cation is coordinated with five oxygen of linker 
and other one solvent site. MOF-74, known as M2(DOBDC), have been able to synthesize using various 
2+ metal ions (M: Mg, Ca, Mn, Fe, Co, Ni, Zn) and depending on the metal types, MOF-74 exhibits 
inherent properties, stability, catalytic activity and interaction with open metal sites and guest molecules 
in frameworks.3-11 Owing to the diverse characteristics of MOF-74, it is focused in various applications 
such as gas storage,2,4 separations,8 catalysts,6,9 electrochemistry10 and proton conductors.11 
Isoreticular MOF was the designed structure with extending different length of organic ligand and 
introducing functional groups into ligands.12-16 The chemical moieties of MOFs are converted by 
functional groups such as amine, halide, hydroxyl, sulfuric and thiol that enhanced the gas and metal 
ion affinity, catalyst effect. However, H4DOBDC, the linker of MOF-74, had the problem to insert the 
functional group in the framework.17,18 The functional groups of H4DOBDC has not been reported yet 
because of crucial organic synthesis and if the ligand was synthesized then the steric hindrance between 
functional groups and metal nodes in framework made the issue. For these reasons, the functional 
groups of linkers are reported in the IRMOF-74-III, where various residues are inserted into the central 
phenyl groups of linkers.19,20 
Defect-engineered MOF (DEMOF) with mixed ligands of original and fragmented linker was used to 
produce the porosity (missing metal nodes and linker vacancies), catalytic metal sites (partial metal 
node reduction) and second functionalities.21-25 Defect-engineered MOF-74 with fragmented linker was 
mostly reported with 2-hydroxy-1,4-benzene dicarboxylic acid (H2BDC-OH) and one case of 1,4-
benzenedicarboxylic acid (H2BDC) with only 6% introduced.26-28 Whereas, different fragmented linkers 
were difficult to introduce in MOF-74 even salicylic acid was used as modulator to fabricate nano-rod 
Zn-MOF-74.29 
Herein, we introduce the fragmented linker (salicylic acid, SA) that has mono carboxylate and hydroxyl 
group into Ni-MOF-74 (Figure 2.1). SA are commercially available to obtain substances with various 
functional groups. In order to synthesis defect-engineered MOF-74 with SA, the proper synthesis 
condition, metal ions and solvent system was needed. SA-incorporated DEMOF-74 was successfully 
synthesized in proper solvent condition (DMF/EtOH/H2O, 15:1:1, v/v/v) with nickel. In order to install 
a functional group into the DEMOF-74, the electronic effect and the functional group position play the 
important role. Up to 30-40% of fragmented linkers are available to be inserted in the framework and 
maintained the crystal structure as MOF-74. Depending on the position of functional group, affects the 










2.2 Experimental section 
General procedure 
All reagents were purchased from commercial sources and used without further purification. Powder 
X-ray diffraction (PXRD) data were recorded using a Bruker D2 Phaser automated diffractometer at 
room temperature, with a step size of 2θ = 0.02°. 1H nuclear magnetic resonance (NMR) spectra were 
recorded using a Varian 400 MHz FT-NMR spectrometer at the UNIST Central Research Facilities. 
Fourier-transformation infrared spectroscopy (FT-IR) spectra were recorded using a NICOLET iS 10 
FT-IR spectrometer (4000-650 cm-1). Thermogravimetric analysis (TGA) was performed using a Q-600 
series instrument from TA Instruments at a heating rate of 5 °C min-1 under flowing nitrogen gas. The 
sample was dried before the TGA measurement using flowing N2 for 60 min. Scanning Electron 
Microscopy (SEM) was performed using SU-8220 from Hitachi High-Technologies. For the gas 
adsorption experiments, at least 40 mg of each sample exchanged with methanol was charged into a 
sample cell and heated at 150 °C under the vacuum for 24 hours. All of the gas sorption isotherms were 
measured using a BELSORP-max (BEL Japan, Inc.) low-pressure adsorption measuring system 
employing a standard volumetric technique up to saturation pressure. The N2 (purity of 99.999%) 
sorption isotherms were monitored at 77 K. The adsorption data in the pressure range of < 0.1 P/P0 
were fitted to the Brunauer−Emmett−Teller (BET) equation to determine the BET surface area.  CO2 
(purity of 99.999%) adsorption isotherms were measured at 273 and 298 K, respectively. H2 (purity of 
99.999 %) adsorption isotherms were measured at 77 K. All the adsorption data were manipulated by 
BEL-Master software provided by BEL Japan, Inc. 
 
  
Preparation of MOFs 
Synthesis of Ni-MOF-74 and defective derivatives 
[Ni2(DOBDC)(H2O)2](Ni-MOF-74). A solid mixture of Ni(NO3)2∙6H2O (198 mg, 0.680 mmol) and 
2,5-dihydroxy-1,4-benzenedicarboxylic acid (H4DOBDC) (95 mg, 0.48 mmol) was dissolved in 10 mL 
of a mixed solvent (15:1:1, N,N-dimethylformamide (DMF)/ethanol (EtOH)/H2O, v/v/v) with a 
sonication. The solution was transferred to a 20 mL vial, tightly sealed, and heated at 100 °C for 24 
hours. The precipitate was harvested and washed several times using DMF and methanol (MeOH) for 
several days. The activated Ni-MOF-74 sample was prepared by vacuum-drying the MeOH-exchanged 
sample overnight at 150 °C for 1 24 hours.   
[Ni2(DOBDC)1-x(SA)x(OH)2x(H2O)2+x] (SAx). A solid mixture of H4DOBDC, salicylic acid (H2SA) and 
Ni(NO3)2∙6H2O with different feed ratios (90:10, 70:30, 50:50, 30:70) was added to a 15:1:1 (v/v/v) 
mixture of DMF/ethanol/water (10 mL). The suspension was sonicated until it was homogeneous. Then, 
the mixture was heated in an oven at 100 °C for 24 hours. After cooling down to room temperature, the 
mother liquor was decanted and DMF was added and replenished three times. Finally, the DMF was 
replaced with methanol, which was refreshed several times over 3 days. 
[Ni2(DOBDC)1-x(2-hNA)x(OH)2x(H2O)2+x](2-hNAx). A solid mixture of H4DOBDC, 2-
hydroxynicotinic acid (H2-2-hNA) with different feed ratios (90:10, 70:30, 50:50) and Ni(NO3)2∙6H2O 
was added to a 15:1:1 (v/v/v) mixture of DMF/ethanol/water (10 mL). The suspension was sonicated 
until it was homogeneous. Then, the mixture was heated in an oven at 100 °C for 24 hours. After cooling 
down to room temperature, the mother liquor was decanted and DMF was added and replenished three 
times. Finally, the DMF was replaced with methanol, which was refreshed several times over 3 days. 
[Ni2(DOBDC)1-x(n-aSA)x(OH)2x(H2O)2+x](n-aSAx). A solid mixture of H4DOBDC, n-aminosalicylic 
acid (H2n-aSA) (n= 3 or 5) with different feed ratios (90:10, 70:30, 50:50) and Ni(NO3)2∙6H2O was 
added to a 15:1:1 (v/v/v) mixture of DMF/ethanol/water (10 mL). The suspension was sonicated until 
it was homogeneous. Then, the mixture was heated in an oven at 100 °C for 24 hours. After cooling 
down to room temperature, the mother liquor was decanted and DMF was added and replenished three 
times. Finally, the DMF was replaced with methanol, which was refreshed several times over 3 days. 
[Ni2(DOBDC)1-x(3-hSA)x(OH)2x(H2O)2+x](3-hSAx). A solid mixture of H4DOBDC, 3-hydroxysalicylic 
acid (H2-3-hSA) with different feed ratios (90:10, 70:30, 50:50) and Ni(NO3)2∙6H2O was added to a 
15:1:1 (v/v/v) mixture of DMF/ethanol/water (10 mL). The suspension was sonicated until it was 
homogeneous. Then, the mixture was heated in an oven at 100 °C for 24 hours. After cooling down to 
room temperature, the mother liquor was decanted and DMF was added and replenished three times. 
Finally, the DMF was replaced with methanol, which was refreshed several times over 3 days. 
[Ni2(DOBDC)1-x(5-fSA)x(OH)2x(H2O)2+x](5-fSAx). A solid mixture of H4DOBDC, 5-formylsalicylic 
acid (H2-5-fSA) with different feed ratios (90:10, 70:30, 50:50) and Ni(NO3)2∙6H2O was added to a 
15:1:1 (v/v/v) mixture of DMF/ethanol/water (10 mL). The suspension was sonicated until it was 
homogeneous. Then, the mixture was heated in an oven at 100 °C for 24 hours. After cooling down to 
room temperature, the mother liquor was decanted and DMF was added and replenished three times. 
Finally, the DMF was replaced with methanol, which was refreshed several times over 3 days. 
 
Attempts to synthesize defect-engineered Ni-MOF-74 with salicylic acid by different synthesis 
solvent conditions 
SA(7/3) in DMF/EtOH/H2O (1:1:1, v/v).2 A mixture of Ni(NO3)2·6H2O (2.38 g, 8.2 mmol), 
H4DOBDC (333 mg, 1.68 mmol), and H2SA (100 mg, 0.72 mmol) were dissolved in 200 mL of a mixed 
solvent (1:1:1, DMF/EtOH/H2O, v/v). The solution was transferred to a 500 mL vial, which was tightly 
sealed and heated at 100 °C for 1 d to form a crystalline powder precipitate. 
I-SA(7/3) in H2O.8 A mixture of Ni(CH3COO)2·4H2O (1.00 g, 4 mmol), H4DOBDC (277 mg, 1.4 
mmol), and H2SA (82.9 mg, 0.6 mmol) were added in 15 mL of H2O. The solution was refluxed with 
stirring for 1h and cooled to room temperature. The yellow powder was collected by centrifugation. 
2.3 Results and discussions. 
Attempts to synthesize isostructural defect-engineered M-MOF-74 
All attempts to incorporate a salicylate (SA), as a fragmented ligand, into the framework of M-MOF-
74 (M = Mg, Mn, Co, and Zn) were unsuccessful (Figures 2.2 and 2.3). While adopting the same 
procedure used in the Ni-SA0.09, all attempts to synthesize isostructural defect-engineered M-SAX using 
other metal sources, such as Mg(NO3)2∙6H2O, Mn(NO3)2∙6H2O, Co(NO3)2∙6H2O, and Zn(NO3)2∙6H2O, 
instead of Ni(NO3)2·6H2O were unsuccessful. 
 
Figure 2.2. PXRD patterns of defect-engineered M-MOF-74 series. Mg-SA and Mn-SA produced 









Figure 2.3. 1H NMR spectrum of (a) Co-SA(7/3) and (b) Zn-SA(7/3), where 7/3 is the molar ratio of 
H4DOBDC and H2SA used for the preparation of the MOFs. Both of them do not contain any SA in the 
framework. 
Attempts to synthesize defect-engineered Ni-MOF-74 with salicylic acid by different synthesis 
solvent conditions 
Contrarily, for Ni-MOF-74, the SA-incorporated DEMOF (SAx, where x represents Ni-MOF-74 and 
the mole fraction of the integrated SA at the DOBDC ligand sites of the framework) was successfully 
synthesized in a DMF/EtOH/H2O (15:1:1, v/v/v) solvent mixture (Figures 2.4 and 2.5). 
 









Figure 2.5. 1H NMR spectrum of Ni-SA(7/3) obtained in (a) DMF/EtOH/H2O (1:1:1, v/v) and (b) H2O. 
 
 
SA-incorporated Defect-engineered MOF-74  
To investigate the doping level of salicylate (SA2-) in the Ni-MOF-74 framework with respect to the 
initial feed ratios, defect-engineered Ni-MOF-74 derivatives were synthesized by mixing the original 
linker H4DOBDC with different molar ratios (from 10 to 70%) of H2SA via the direct solvothermal 
synthesis. All the SA-incorporated defect-engineered Ni-MOF-74 derivatives (named SAx, where x 
represent the mole fraction of the integrated SA2- at the DOBDC4- linker sites of the framework) retained 
crystallinity and are isostructural to the defect-free Ni-MOF-74 as revealed in the PXRD analysis 
(Figure 2.6). As the molar ratios of H2SA in the synthesis media increased, the diffraction peaks of SAx 
became broad and their intensities decreased, indicating the poor crystallinity at the higher 
concentrations of SA2-. An analysis of 1H NMR spectra of SAx samples digested in an acidic media 
revealed that 3~37% of DOBDC4- sites in the framework can be replaced by SA2- when 90:10 
(H4DOBDC:H2SA) and 30:70 (H4DOBDC:H2SA) feed ratios were used for the synthesis of SAx 
derivatives (Figures 2.7 and 2.8 and Table 2.1). On the basis of the PXRD patterns and the 1H NMR 
spectroscopy results, it can be concluded that the Ni-MOF-74 framework is tolerant of incorporation of 
SA2- up to ca. 35%. 
 
 
Figure 2.6. PXRD patterns of Ni-MOF-74 and SAx. 
 
Figure 2.7. 1H NMR spectrum of (a) SA0.02(9/1) and (b) SA0.09(7/3). In SAx(a/b), x is the observed 
molar fraction of SA ligand in the framework from 1H NMR spectrum, and a/b is the molar ratio of 
H4DOBDC and H2SA used for the preparation of the MOFs. 
 
 
Figure 2.8. 1H NMR spectrum of (a) SA0.22(5/5) and (b) SA0.36(3/7). 
 
 
Similarly, an attempt to incorporate an N-containing aromatic monocarboxylic acid into Ni-MOF-74 
was made using the same synthetic protocol. 2-hydroxynicotinic acid (H2-2-hNA) was chosen as the N-
containing fragmented linker, where -COOH and -OH groups are positioned in the same way as in 
H2SA. Defect-engineered Ni-MOF-74 derivatives were synthesized by mixing the H4DOBDC with 
different molar ratios (from 10 to 50%) of H2-2-hNA via the direct solvothermal synthesis. All the 2-
hNA-incorporated defect-engineered Ni-MOF-74 derivatives (named 2-hNAx, where x represents the 
mole fraction of the integrated 2-hNA2- at the DOBDC4- linker sites of the framework) maintained 
crystallinity and are also isostructural to the defect-free Ni-MOF-74 as revealed in the PXRD analysis 
(Figure 2.9). Interestingly, the 1H NMR analysis of digested 2-hNAx samples revealed that the 
incorporation of 2-hNA2- is more efficient than that of SA2- into SAx, where the incorporated amount of 
2-hNA2- is approximately twice as large as that of SA2- at the same feed ratios (Figure 2.10 and Table 
2.1). The fragmented linker 2-hNA2- can replace the DOBDC4- linker sites in the Ni-MOF-74 
framework up to 29% when a 50:50 feed ratio of H4DOBDC:H2-2-hNA was used. 
 
 
Figure 2.9. PXRD patterns of MOF-74 and 2-hNAx. 
 
Figure 2.10. 1H NMR spectrum of (a) 2-hNA0.06(9/1), (b) 2-hNA0.17(7/3), and (c) 2-hNA0.29(5/5). 
The successful incorporation of H2SA and H2-2-hNA into the Ni-MOF-74 without disturbing the 
framework structure prompted the testing of other salicylic acid derivatives with useful functional 
groups. It was found that this fragmented linker installation approach is also effective for introducing 
various functionalized fragmented linkers (such as amine, formyl and hydroxyl groups) into the 
framework of Ni-MOF-74. Functionalized salicylic acid derivatives, 3-aminosalicylic acid (H2-3-aSA), 
5-aminosalicylic acid (H2-5-aSA), 5-formylsalicylic acid (H2-5-fSA) and 3-hydroxysalicylic acid (H2-
3-hSA) were incorporated into the framework of Ni-MOF-74 using the same reaction condition used 
for H2SA and H2-2-hNA installation. The PXRD patterns for all the resulting defect-engineered Ni-
MOF-74 derivatives (denoted as 3-aSAx, 5-aSAx, 5-fSAx and 3-hSAx) with functional groups showed 
that all those MOFs are isostructural to the defect-free Ni-MOF-74 (Figures 2.11 and 2.12). As the mole 
fraction (or molar ratio) of the fragmented linkers increased, all the resulting defect-engineered Ni-
MOF-74 exhibited poorer crystallinity. From the analysis of 1H NMR spectra, the installed amounts of 
fragmented linkers within the framework of defect-engineered Ni-MOF-74 derivatives were found to 
range from ca. 10% to ca. 40% depending on the mole fraction of fragmented linkers in the synthetic 
media (Figures 2.13-2.16 and Table 2.1). Again, it is found that the incorporation of functionalized 
SA2- linkers is more efficient than that of SA2- into SAx. From the changes in PXRD patterns and 1H 
NMR results, it can be concluded that the functionalized fragmented linkers can be incorporated in the 
Ni-MOF-74 framework with retaining good crystallinity up to ca. 20% mole fraction of the 
functionalized fragmented linkers. Interestingly, 5-aSAx and 5-fSAx exhibited better crystallinity at 
almost the same doping levels of the fragmented linkers compared to those of 3-aSAx and 3-hSAx, 
indicating that additional factors stabilizing the framework of defect-engineered MOFs might exist in 
5-aSAx and 5-fSAx.  Whereas, 4 and 6 position of functionalized salicylic acid derivatives, 4-aSAx, 4-
hSAx, and 6-hSAx, were not installed into the framework because the steric hindrance between metal 
nodes and functional group (Figures 2.17 and 2.18). 
 
Figure 2.11. PXRD patterns of (a) 3-aSAx and (b) 5-aSAx. 
 
Figure 2.12. PXRD patterns of (a) 5-fSAx and (b) 3-hSAx. 
 
Figure 2.13. 1H NMR spectrum of (a) 3-aSA0.04(9/1), (b) 3-aSA0.18(7/3), and (c) 3-aSA0.46(5/5). 
 
Figure 2.14. 1H NMR spectrum of (a) 5-aSA0.08(9/1), (b) 5-aSA0.20(7/3), and (c) 5-aSA0.33(5/5). 
 
Figure 2.15. 1H NMR spectrum of (a) 5-fSA0.08(9/1), (b) 5-fSA0.21(7/3), and (c) 5-fSA0.39(5/5). 
 
Figure 2.16. 1H NMR spectrum of (a) 3-hSA0.06(9/1), (b) 3-hSA0.17(7/3), and (c) 3-hSA0.42(5/5). 
 
Figure 2.17. PXRD patterns of not incorporated fragmented linkers, 4-aSA(7/3), 4-hSA(7/3) and 6-
hSA(7/3). 
 
Figure 2.18. 1H NMR spectrum of (a) 4-aSA(7/3), (b) 4-hSA(7/3), and (c) 6-hSA(7/3). 
Table 2.1. The doping ratios of the amount of defective linkers of defect-engineered MOF-74. 
Sample Name Dopling Linkers Feeding ratios / % Obtained ratios / % 
SA0.02 H2-SA 10 2 
SA0.09 H2-SA 30 9 
SA0.22 H2-SA 50 22 
SA0.36 H2-SA 70 36 
2-hNA0.06 H2-2-hNA 10 6 
2-hNA0.17 H2-2-hNA 30 17 
2-hNA0.29 H2-2-hNA 50 29 
3-aSA0.04 H2-3-aSA 10 4 
3-aSA0.18 H2-3-aSA 30 18 
3-aSA0.46 H2-3-aSA 50 46 
5-aSA0.08 H2-5-aSA 10 8 
5-aSA0.20 H2-5-aSA 30 20 
5-aSA0.33 H2-5-aSA 50 33 
5-fSA0.08 H2-5-fSA 10 8 
5-fSA0.21 H2-5-fSA 30 21 
5-fSA0.39 H2-5-fSA 50 39 
3-hSA0.06 H2-3-hSA 10 6 
3-hSA0.21 H2-3-hSA 30 21 
3-hSA0.42 H2-3-hSA 50 42 
 
  
Morphology of DEMOF-74 
In this synthetic condition, DEMOF-74 was formed in rod shapes (MOF-74, SAx, 2-hNAx, 5-aSAx, 5-
fSAx and 3-hSAx) or spherical particles (3-aSAx) in nanometer dimensions (Figures 2.19-2.24). 
 
Figure 2.19. SEM images of Ni-MOF-74 and SAx. (a, b) Ni-MOF-74, (c, d) SA0.02, (e, f) SA0.09, (g, h) 
SA0.22, and (i, j) SA0.36. 
 
Figure 2.20. SEM images of 2-hNAx. (a, b) 2-hNA0.06, (c, d) 2-hNA0.17, and (e, f) 2-hNA0.29. 
 
Figure 2.21. SEM images of 3-aSAx. (a, b) 3-aSA0.04, (c, d) 3-aSA0.18, and (e, f) 3-aSA0.46. 
 
Figure 2.22. SEM images of 5-aSAx. (a, b) 5-aSA0.08, (c, d) 5-aSA0.20, and (e, f) 5-aSA0.33. 
 
Figure 2.23. SEM images of 5-fSAx. (a, b) 5-fSA0.08, (c, d) 5-fSA0.21, and (e, f) 5-fSA0.39. 
 
Figure 2.24. SEM images of 3-hSAx. (a, b) 3-hSA0.06, (c, d) 3-hSA0.21, and (e, f) 3-hSA0.42. 
 
  
Thermal stability of DEMOF-74 
Thermogravimetric analysis (TGA) of the defect-engineered Ni-MOF-74 derivatives showed that there 
are essentially no significant changes in thermal stability upon the fragmented linker installation into 
the framework of defect-free Ni-MOF-74 (Figure 2.25).  
 
Figure 2.25. TGA of (a) SAx, (b) 2-hNAx, (c) 3-aSAx. (d) 5-aSAx (e) 5-fSAx and (f) 3-hSAx. 
 
  
Water stability of DEMOF 
In contrast to the typical defect-engineered MOFs reported earlier,25 3-aSA0.18 and 5-aSA0.20 are very 
stable in water, and the crystallinities of both crystals were considerably maintained (Figure 2.26).  
 
Figure 2.26. PXRD patterns of 3-aSA0.18 and 5-aSA0.20 soaked in H2O for 4 d.
Porosity of Defect-Engeineered and Functionalized MOF-74 Derivatives 
In order to evaluate the permanent porosities of defect-engineered functionalized MOFs, N2 adsorption 
isotherms were measured at 77 K (Figure 2.27a). All of the activated MOFs exhibit rapid N2 uptake at 
low pressures (P/P0 < 0.1), which is typical for a Type I isotherm curve and is also typical characteristic 
for microporous solids. However, as expected, the doping of the fragmented linkers affected the 
porosities of the resulting defect-engineered MOFs. Pristine Ni-MOF-74 shows a Brunauer-Emmett-
Teller (BET) surface area of 1085 m2 g-1. By introducing fragmented linkers, i.e. defect sites, into the 
parent framework, activated defect-engineered MOFs showed BET surface areas ranging from 627 to 
1428 m2 g-1, depending on the doping levels of the fragmented linkers (Table 2.2). For SA-incorporated 
Ni-MOF-74 (SAx), as the mole fraction of incorporated SA2- increased, the adsorption amounts of N2 
increased to 350 cm3 g-1 at P/P0 = 0.9 for SA0.09 and SA0.22, which is larger than that of the pristine Ni-
MOF-74 (310 cm3 g-1).  In case of SA0.36, in contrast, the adsorption amount of N2 at P/P0 = 0.9 was 
drastically decreased to 190 cm3 g-1, indicating the poor crystallinity of SA0.36. This N2 adsorption 
behavior for SA0.36 is consistent with the result observed in the PXRD pattern, where the crystallinity 
of SA0.36 is inferior to the defect-free Ni-MOF-74.  The pristine Ni-MOF-74 and DEMOF-74 showed 
almost the same mean pore diameters that peaked at 11 Å (Figure 2.27b). As the mole fraction of 
fragmented linkers increased, the pore size distribution became wider while the average pore dimension 
was the same as that of the pristine Ni-MOF-74, which is related to the increase in the number of defect 
sites.  
           
 
Figure 2.27. N2 sorption isotherms of pristine MOF-74 and SAx at 77 K. and (b) NLDFT pore size 
distribution of the pristine MOF-74 and SAx. 
 
  
A similar trend can also be found in the N2 adsorption of 2-hNAx, 5-fSAx and 3-hSAx (Figures 2.28-
2.30). For 5-fSAx, while 5-fSA0.10 and 5-fSA0.22 exhibited the enhanced porosities with the maximum 
adsorption amounts of 350 cm3 g-1 at P/P0 = 0.9, whereas 5-fSA0.39 showed slightly smaller adsorption 
amount (270 cm3 g-1 at P/P0 = 0.9) compared to that of the pristine Ni-MOF-74. Besides, the N2 
adsorption in 2-hNA0.10 and 3-hSA0.07 reached adsorption amounts as high as the N2 uptake amounts as 
observed in 5-fSA0.10. N2 uptake amounts of 2-hNA0.20 and 3-hSA0.26 were almost equivalent to that of 
pristine Ni-MOF-74. The N2 adsorption amounts of 2-hNA0.43 and 3-hSA0.45 were smaller than that of 
defect-free Ni-MOF-74, and a drastic decrease in N2 uptake amount (240 cm3 g-1 at P/P0 = 0.9) was 
obtained for 3-hSA0.45. 
 
Figure 2.28. N2 sorption isotherms of pristine MOF-74 and 2-hNAx at 77 K. and (b) NLDFT pore size 
distribution of the pristine MOF-74 and 2-hNAx. 
 
Figure 2.29. N2 sorption isotherms of pristine MOF-74 and 5-fSAx at 77 K. and (b) NLDFT pore size 
distribution of the pristine MOF-74 and 5-fSAx. 
 
Figure 2.30. N2 sorption isotherms of pristine MOF-74 and 3-hSAx at 77 K. and (b) NLDFT pore size 
distribution of the pristine MOF-74 and 3-hSAx. 
 
  
Interestingly, although two fragmented linkers, 5-aSA2- and 3-aSA2-, have the same functional group, 
they exerted most significantly different effects on the porosities of resulting 5-aSAx and 3-aSAx 
(Figures 2.31a and 2.32a). The doping of 5-aSA2- led to an increase in the porosity of 5-aSAx compared 
to pristine Ni-MOF-74, even above a doping level of 30%. Thus, the adsorption amount of 5-aSA0.20 
reached the highest value of 420 cm3 g-1 at P/P0 = 0.9, and the adsorption amounts of 5-aSA0.08 and 5-
aSA0.33 (ca. 370 cm3 g-1 at P/P0 = 0.9 for both) also surpassed that of the pristine Ni-MOF-74. In contrast, 
the amount of N2 adsorbed in 3-aSAx increased slightly only at relatively low mole fractions (< 10%) 
of 3-aSA2-. 3-aSA0.18 exhibited lower N2 uptake than the pristine Ni-MOF-74 and 3-aSA0.46 showed 
almost no uptake of N2. This observation is consistent with the results expected from PXRD analysis, 
where both MOFs showed poorer crystallinity than the pristine Ni-MOF-74. 3-aSAx and 5-aSAx 
showed almost the same mean pore diameters that peaked at 11 Å (Figuews 2.31b and 2.32b). As the 
mole fraction of n-aSA increased, the pore size distribution became wider while the average pore 
dimension was the same as that of the pristine Ni-MOF-74, which is related to the increase in the number 
of defect sites. 
Overall, it can be concluded that the enhanced porosities for defect-engineered Ni-MOF-74 derivatives 
were achieved by introducing the fragmented linkers up to 10 - 20% into the framework of defect-free 
Ni-MOF-74.   
 
Figure 2.31. N2 sorption isotherms of pristine MOF-74 and 3-aSAx at 77 K. and (b) NLDFT pore size 
distribution of the pristine MOF-74 and 3-aSAx. 
 
Figure 2.32. N2 sorption isotherms of pristine MOF-74 and 5-aSAx at 77 K. and (b) NLDFT pore size 




Table 2.2. BET surface areas and pore volume of Ni-MOR-74, DEMOF-74. 
 
  
Sample BET / m2 g-1 Pore volume / cm3 g-1 
Ni-MOF-74 1085 0.494 
SA0.02 1188 0.573 
SA0.09 1269 0.561 
SA0.22 1290 0.616 
SA0.36 627 0.366 
2-hNA0.06 1325 0.575 
2-hNA0.17 1156 0.550 
2-hNA0.29 934 0.570 
3-aSA0.04 1154 0.521 
3-aSA0.18 981 0.482 
3-aSA0.46 37 0.053 
5-aSA0.08 1295 0.572 
5-aSA0.20 1428 0.673 
5-aSA0.33 1247 0.635 
5-fSA0.08 1325 0.586 
5-fSA0.21 1209 0.670 
5-fSA0.39 894 0.517 
3-hSA0.06 1323 0.608 
3-hSA0.21 1042 0.607 
3-hSA0.42 640 0.456 
CO2 Adsorption Properties of Defect-engineered and Functionalized Ni-MOF-74 Derivatives.   
The adsorption properties of CO2 were also investigated at 273 and 298 K (Figure 2.33). In general, 
the introduction of an amine group is known to increase CO2 uptake in many amine-functionalized 
MOFs. In this study, two kinds of amine-functionalized defect-engineered MOFs, 5-aSAx and 3-aSAx, 
were developed and they exhibited different CO2 adsorption behaviors. In 5-aSA0.08 and 5-aSA0.20, the 
enhanced CO2 uptakes were observed at 273 and 298 K, compared to the uptake amounts of defect-free 
Ni-MOF-74 (150 cm3 g-1 at 273 K and 1 bar, 115 cm3 g-1 at 298 K and 1 bar). 5-aSA0.33 did not show 
any noticeable enhancement of CO2 uptakes at both temperatures. Meanwhile, among 3-aSAx, only 3-
aSA0.04 showed CO2 uptakes comparable to those of defect-free Ni-MOF-74 at both temperatures, and 
3-aSA0.18 and 3-aSA0.46 resulted in the decrease in the CO2 uptake amounts. In particular, drastic 
decrease in CO2 uptakes were observed in 3-aSA0.46, which is expected from the poor crystallinity of 3-
aSA0.46. 
 




The CO2 adsorption behaviors of SAx derivatives were similar to those of 5-aSAx (Figure 2.34). The 
enhanced CO2 uptakes were achieved by the incorporation of SA2- up to ca. 20% and SA0.09 showed the 
maximum CO2 uptake amounts. 2-hNAx, 5-fSAx and 3-hSAx derivatives also behaved in a similar 
fashion for CO2 adsorption. They showed the maximum CO2 uptakes at ca. 10% incorporation of 
fragmented linkers, then the CO2 uptake amounts were gradually decreased. Interestingly, the maximum 
CO2 uptake amounts are almost the same regardless of the type of fragmented linkers except for H2-3-
aSA. 
 
Figure 2.34. CO2 sorption isotherms of (a) SAx, (b) 2-hNAx, (c) 5-fSAx and (d) 3-hSAx at 273 K (round 





Large isosteric heat of adsorption (Qst) is useful for storage applications. To investigate the effects of 
the fragmented linker installation on adsorption enthalpy, the isosteric heats of adsorption were 
determined using CO2 adsorption isotherms obtained at 273 and 298 K (Figure 2.35). All the heats of 
adsorption were calculated by fitting adsorption isotherms with a virial-type equation. For all defect-
engineered MOFs, the Qst values ranged between 35 and 38 kJ mol-1 at the low loadings of CO2, and 
the Qst values gradually decreased as the uptake amounts of CO2 increased. Low energy would be 
needed to reduce the regeneration cost to release the CO2. 30 Despite Up to 20% increase in CO2 
adsorption, Qst was decreased by 10%. This can have the advantage of requiring less energy and cost to 
remove CO2 from framework during the separation process.  
 
Figure 2.35. Isosteric heats of adsorption (Qst) on CO2 of (a) SAx (b) 2-hNAx, (c) 3-aSAx, (d) 5-aSAx, 
(e) 5-fSAx and (f) 3-hSAx. 
 
H2 Adsorption Properties of Defect-engineered and Functionalized Ni-MOF-74 Derivatives.   
H2 adsorption isotherms were measured to investigate the effect of the fragmented linker installation on 
the adsorption capacity (Figure 2.36). All the activated defect-engineered MOFs showed the reversible 
H2 adsorption behavior at 77 K except for 3-aSA0.46. It is found that the trend in H2 adsorption behavior 
of defect-engineered MOFs is closely related to that of N2 adsorption behavior. For example, 5-aSA0.20 
exhibited the highest H2 adsorption amount (231 cm3 g-1 at 1 bar and 77 K) among all the defect-
engineered Ni-MOF-74 derivatives synthesized in this study. Even 5-aSA0.20 and 5-aSA0.33 showed the 
enhanced H2 adsorption amount compared to that of the pristine Ni-MOF-74 that is known to have the 
highest H2 adsorption capacities among M-MOF-74 (M = Zn, Co, Ni, Mn, and Mg).31 In contrast, the 
incorporation of 3-aSA2- and 3-hSA2- led to somewhat unfavorable effects on the H2 adsorption 
properties. Only 3-aSA0.04 and 3-hSA0.07 showed slightly enhanced H2 adsorption amounts (186 cm3 g-
1 for 3-aSA0.04, 211 cm3 g-1 for 3-hSA0.07 at 1 bar and 77 K, respectively), and the others exhibited lower 
H2 adsorption amounts than that of defect-free Ni-MOF-74. 3-aSA0.46 showed an extremely low H2 
uptake amount (31.8 cm3 g-1) with hysteresis in a desorption branch, which is not surprising because it 
showed almost no N2 uptake at 77 K. For SAx, 2-hNAx and 5-fSAx, the enhanced H2 uptakes can be 
obtained only below approximately 20% of the incorporation levels, and the higher incorporation levels 
(>20%) of the fragmented linkers resulted in lower H2 uptake amounts.  
 
Figure 2.36. H2 sorption isotherms of (a) SAx, (b) 2-hNAx, (c) 3-aSAx, (d) 5-aSAx, (e) 5-fSAx and (f) 
3-hSAx at 77 K. 
  
2.4 Conclusions 
In summary, we have systematically investigated the synthesis of functionalized defect-engineered Ni-
MOF-74, which is achieved by using the fragmented linker installation approach. The functionalization 
of the framework was accomplished by partially mixing the original linker 2,5-dioxido-1,4-
benzendicarboxylic acid (H4DOBDC) with salicylate derivatives, including salicylic acid (H2SA), 3-
aminosalicylic acid (H2-3-aSA), 5-aminosalicylic acid (H2-5-aSA), 5-formylsalicylic acid (H2-5-fSA), 
3-hydroxysalicylic acid (H2-3-hSA) and 2-hydroxynicotinic acid (H2-2-hNA).  Below the 
approximated 20% doping level of each fragmented linker, all resultant MOFs retained good 
crystallinity and permanent porosity even with defects in the framework. Furthermore, the 
functionalized MOFs containing the fragmented linkers up to ca. 20% doping levels showed enhanced 
surface areas compared to the pristine Ni-MOF-74. They also showed improved adsorption capacities 
for H2 and CO2 at lower loading (<10%) of fragmented linkers and lower isosteric heat of adsorption 
(Qst) will be beneficial for gas separation. In addition, various functional groups are advantageous to 
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MOF-74 is one of the most studied metal-organic frameworks (MOFs) because it is highly stable in 
various solvents and has a high density of potential open metal sites in the framework.1–6 The dative 
post-synthetic modification (PSM) of the MOF-74 monodentate solvent site (i.e., the potential open 
metal site) has given it enhanced performance in various applications, such as gas storage,7 selective 
separation,8 and proton conductivity.9 However, only a few applications in a solution have been 
reported10–12 because the ligand bound to the open metal site is released in the solution,13 nullifying the 
dative PSM. The covalent PSM of MOF-74 is expected to give MOF-74 new physical and chemical 
properties that have not been reported so far, which will open up new opportunities in unexplored fields. 
However, the covalent PSM of MOF-74 is challenging because the synthesis of functionalized 2,5-
dioxido-1,4-benzenedicarboxylic acid (H4DOBDC) is very difficult. Moreover, the introduction of 
functionalized DOBDC is likely to increase steric hindrance between adjacent functionalized DOBDCs, 
inhibiting the formation of the isoreticular framework. Therefore, no covalent PSM of MOF-74 has 
been reported so far. 
Herein, we report, for the first time, the covalent modification of amine-tagged defect-engineered Ni-
MOF-74 (DEMOF-I) and Ni2(DOBPDC)14 (DOBPDC4− = 4,4'-dioxido-3,3’-biphenyldicarboxylate) 
(DEMOF-II) (Figure 3.1). The introduction of amino groups into the MOF was achieved by direct 
solvothermal synthesis using n-aminosalicylic acid (H2n-aSA) as a fragmented organic ligand. The 
amine-tagged DEMOF-I retains its crystallinity and permanent porosity even with defect sites in the 
framework. Below the approximated 20% doping level of n-aminosalicylate (n-aSA), all MOFs showed 
improved adsorption capacity for N2. By covalent PSM, the amino group of DEMOF-I was converted 
to an iminopyridine group by reacting with pyridine aldehyde. Subsequent post-synthetic metalation 
produced a Pd(II)-incorporated catalyst. The catalyst showed highly efficient, size-selective, and 
recyclable catalytic performance for the Suzuki–Miyaura cross-coupling reaction of phenylboronic acid 
and a series of aryl bromides. 
A fragmented ligand is often used either as a modulator15,16 or as a defect generating dopant16–18 during 
the synthesis of MOFs. Since MOF-74 does not allow functionalized DOBDC in the framework, we 
used a functionalized DOBDC fragment as a dopant during the de novo synthesis of the amine-tagged 
defective MOF-74. Recently, several mixed-ligand M-MOF-74 (M= Mg, Mn, Co, and Ni) have been 
synthesized by doping 2-hydroxy-1,4-benzenedicarboxylate (BDC-OH).19–21 Conversely, fragmented 
carboxylate ligands without hydroxyl groups can only be doped into the framework at very low 
concentrations. This suggests that the two functional groups of DOBDC, −OH and –COOH, are 
required to participate simultaneously in the assembly of the mixed-ligand M-MOF-74. However, the 
attempt to co-assemble salicylate (SA) in Mn-MOF-74 was not successful.20 Meanwhile, in the reaction 
of zinc and H4DOBDC in the presence of salicylic acid (H2SA), the H2SA only acted as a modulator, 
and Zn-MOF-74 grew in the form of a nano-sized rod.22 With this information, we attempted to find a 
proper doping condition, using H2SA as a fragmented ligand because many salicylic acid derivatives 
with diverse functional groups are available. As functionalized fragments, we judiciously chose 5- and 
3-aminosalicylic acid because an amino group is suitable for further covalent PSM with many organic 
functional groups.23,24 
 
Figure 3.1. Covalent modification and metalation of DEMOF-I (or DEMOF-II) prepared by de novo 
solvothermal reaction, employing the mixed ligands, DOBDC (or DOBPDC), and an amine-tagged 
fragment, and the Suzuki–Miyaura cross-coupling reaction using Pd-incorporated DEMOF-I as a 
heterogeneous catalyst. 
3.2 Experimental Section 
General Procedures 
All reagents were purchased from commercial sources and used without further purification. Powder 
X-ray diffraction (PXRD) data were recorded using a Bruker D2 Phaser automated diffractometer at 
23 °C, with a step size of 2θ = 0.02°. 1H nuclear magnetic resonance (NMR) spectra of digested samples 
using DMSO-d6, DCl (35%), and D2SO4 were recorded using a 400 MHz Fourier-transform–NMR (FT–
NMR) spectrophotometer analyzer at the UNIST Central Research Facilities. The Pd was quantitatively 
determined using inductively coupled plasma optical emission spectrometry (ICP-OES) analysis. 
Scanning electron microscopy (SEM) was performed using SU-8220 from Hitachi. High-resolution 
transmission electron microscopy (HR-TEM) and energy dispersive spectroscopy (EDS) elemental 
mapping were performed using a JEOL USA JEM-2100F (Cs corrector). X-ray photoelectron 
spectroscopy (XPS) was conducted using a Thermo Scientific instrument and K-alpha surface analysis. 
Gas sorption isotherms were measured using a BELSORP-max (BEL Japan, Inc.) adsorption system, 
employing a standard volumetric technique up to saturation pressure. N2 (purity of 99.999%) sorption 
isotherms were monitored at 77 K. 
  
Preparation of MOFs 
Preparation of Ni-MOF-74 
[Ni2(DOBDC)(H2O)2] (Ni-MOF-74). A mixture of Ni(NO3)2·6H2O (198 mg, 0.680 mmol) and 2,5-
dihydoxy-1,4-benzenedicarboxylic acid (H4DOBDC) (95 mg, 0.48 mmol) were dissolved in 10 mL of 
a mixed solvent (15:1:1, N,N-dimethylformamide (DMF)/ethanol (EtOH)/H2O, v/v). The solution was 
transferred to a 20 mL vial, tightly sealed, and heated at 100°C for 1 d to form a crystalline powder 
precipitate. The precipitate was harvested and washed several times using DMF and methanol (MeOH) 
for several days. The activated sample was prepared by vacuum-drying the as-synthesized sample 
overnight at 150 °C for 1 d. 
Preparation of defect-engineered Ni-MOF-74 (DEMOF-I) 
[Ni2(DOBDC)1-x(n-aSA)x(OH)2x(H2O)2+x] (I-n-aSAx). I-n-aSAx (n= 3 or 5) was also synthesized using 
a mixed ligand with H4DOBDC and n-aminosalicylic acid (H2n-aSA) at 7:3 mole ratios instead of pure 
H4DOBDC. I-3-aSA0.18 was synthesized using the mole ratios of H4DOBDC:H23-aSA at 7:3 and I-5-
aSA0.20 was synthesized similarly using the mole ratios of H4DOBDC:H25-aSA at 7:3. 
Post-synthetic ligand modifications of the defect-engineered MOFs 
Preparation of [Ni2(DOBDC)1-x(n-pSA)x(OH)2x(H2O)2+x] (I-n-pSAx), where n-pSA is an n-((pyridin-
2-ylmethylene)amino)salicylate. To 10 mL of DMF, 100 mg of I-n-aSAx and ~5 equivalent amounts of 
2-pyridine aldehyde (pa) were added 10 mL DMF and kept at 100 °C for 1 d. The Schiff-base 
condensation product, I-n-pSAx, containing n-((pyridin-2-ylmethylene)amino) group was afforded, 
harvested, and washed using DMF and MeOH for several days. The activated samples were prepared 
by vacuum-drying the as-synthesized products overnight at 150 °C for 1 d. 
Post-synthetic metalation of the post-synthetic ligand-modified MOFs 
Preparation of [Ni2(DOBDC)1-x(n-pSA)x·(PdCl2)y(OH)2x(H2O)2+x] (I-n-pSAx-Pdy). To 50 mL of 
acetonitrile (ACN), 100 mg of I-n-pSAx and PdCl2 (corresponding to approximately 5–10 equivalent 
amounts of H2n-pSA in I-n-aSAx) were added and kept at 23 °C for 1 d. The product, I-n-pSAx-Pdy, 
was harvested and washed for several days using ACN and MeOH. [Ni2(DOBDC)0.82(3-
pSA)0.18(PdCl2)0.07(OH)0.36(H2O)2.18] (I-3-pSA0.18-Pd0.07) was prepared using 100 mg of I-3-pSA0.18 and 
89 mg of PdCl2. [Ni2(DOBDC)0.80(5-pSA)0.20(PdCl2)0.05(OH)0.40(H2O)2.20] (I-5-pSA0.20-Pd0.05) was 
prepared using 100 mg of I-5-pSA0.20 and 89 mg (0.50 mmol) of PdCl2. The activated samples were 
prepared by vacuum-drying the as-synthesized products overnight at 150 °C for 1 d. 
Preparation of Ni2(DOBPDC) 
[Ni2(DOBPDC)(H2O)2]. Ni2(DOBPDC) was synthesized according to the procedure used in Ni-MOF-
74, but 4,4'-dihydroxy-3,3'-biphenyldicarboxyllic acid (H4DOBPDC) was used instead of H4DOBDC. 
Preparation of defect-engineered Ni2DOBPDC (DEMOF-II) 
[Ni2(DOBPDC)1-x(SA)x(OH)2x(H2O)2+x] (II-SAx). The defect-engineered Ni2(DOBPDC), II-SAx, was 
synthesized according to the procedure used in the pristine Ni2(DOBPDC), but instead of pure 
H4DOBPDC, H4DOBPDC and H2SA were used in a mixture of various mole ratios. II-SA0.10 was 
synthesized using the mole ratio of H4DOBPDC:H2SA at 7:3. 
[Ni2(DOBPDC)1-x(5-aSA)x(OH)2x(H2O)2+x] (II-5-aSAx). The defect-engineered Ni2(DOBPDC), II-5-
aSAx, was also synthesized using a mixed ligand with H4DOBPDC and H25-aSA at various mole ratios 
instead of pure H4DOBPDC. II-5-aSA0.05 and II-5-aSA0.17 were synthesized using the mole ratio of 
H4DOBPDC:H25-aSA at 7:3 and 5:5, respectively. 
 
Post-synthetic ligand modifications of the defect-engineered MOFs (DEMOFs) 
Preparation of [Ni2(DOBPDC)0.83(5-pSA)0.17(OH)0.34(H2O)2.17] (II-5-pSA0.17). II-5-pSA0.17 was 
synthesized according to the procedure used for I-5-pSAx, but II-5-aSA0.17 was used instead of I-5-aSAx. 
To 10 mL of DMF, 150 mg of II-5-aSA0.17 and ~5 equivalent amounts of pa (corresponding to ~5 
equivalent amounts of 5-aSA in II-5-aSA0.17) were added and kept at 100 °C for 1 d. The Schiff-base 
condensation product, II-5-pSA0.17, containing a 5-((pyridin-2-ylmethylene)amino) group was afforded, 
harvested, and washed for several days using DMF and MeOH. The activated samples were prepared 
by vacuum-drying the as-synthesized products overnight at 150 °C. 
Post-synthetic metalation of covalently modified DEMOFs 
Preparation of [Ni2(DOBPDC)0.83(5-pSA)0.17(PdCl2)0.06(OH)0.34(H2O)2.17] (II-5-pSA0.17-Pd0.06). To 
50 mL of ACN, 100 mg of II-5-pSA0.17 and 89 mg (0.5 mmol) of PdCl2 were added and kept at 23 °C 
for 1 d. The product, II-5-pSA0.17-Pd0.06, was harvested and washed for several days using ACN and 
MeOH. The activated samples were prepared by vacuum-drying the as-synthesized products overnight 
at 150 °C. 
 
Preparation of Pd complex, Pd-5-pSA 
Pd-5-pSA. H25-pSA was synthesized according to a previously reported procedure.25 A mixture of 5-
aminosalicylic acid (1.53g, 10.0 mmol), 2-pyridinecarboxaldehyde (1.0 mL, 10 mmol), and 
triethylamine (1.0 mL, 10 mmol) was added to 50 mL of ethanol (EtOH) in a vial. The mixture was 
stirred at 50 °C for 4 h to give a yellow precipitate, which was filtered and washed with EtOH, and 5-
((pyridine-2-yl)methyleneamino)-2-hydroxybenzoic acid (H25-pSA) was obtained. A mixture of H25-
pSA (36 mg, 0.15 mmol) and PdCl2 (89 mg, 0.50 mmol) was added to 50 mL of acetonitrile and kept 
at 23 °C for 1 d. The product Pd-5-pSA was filtered, washed with acetonitrile, and vacuum-dried at 
80 °C for 1 d. 
 
Preparation of 9,9'-(5-bromo-1,3-phenylene)bis(3,6-di-tert-butyl-9H-carbazole) 
A two-neck flask was charged with 1,3,5-tribromobenzene (628 mg, 2 mmol), 3,6-di-tert-butyl-9H-
carbazole (1.23 g, 2.2 equiv.), copper(I) iodide (38 mg, 10 mol%), and K3PO4 (1.72 g, 4 equiv.). The 
flask was purged with N2; (±)-trans-1,2-diaminocyclohexane (480 μL, 2 equiv.) and 1,4-dioxane (24 
mL) were added to the mixture. The mixture was stirred at 110 °C for 19 h under an N2 atmosphere. 
After 19 h, the organic solvent was evaporated under reduced pressure. The residue was dissolved with 
EtOAc (20 mL); the organic solution was washed with water (20 mL) and brine (20 mL) and dried 
using MgSO4. The organic layer was filtered and evaporated. The mixture was separated by silica gel 
column chromatography (EtOAc: n-Hexane = 1: 30), and the crude product was collected and separated 
by silica gel column chromatography (DCM: n-Hexane = 1: 10). The desired colorless solid, 9,9'-(5-
bromo-1,3-phenylene)bis(3,6-di-tert-butyl-9H-carbazole) (231 mg, 16%), was obtained. The 1H NMR 
spectrum sufficiently corresponded with the reference data.26 9,9'-(5-bromo-1,3-phenylene)bis(3,6-di-
tert-butyl-9H-carbazole): 1H NMR (CDCl3, 500MHz, ppm.): δ 8.15 (4H, d, J=1.2 Hz), 7.81 (2H, d, 
J=1.75 Hz), 7.78 (1H, t, J=1.75 Hz), 7.5 (8H, m), 1.48 (36H, s); 13C NMR (CDCl3, 125 MHz, ppm): δ 
143.7, 140.8, 138.6, 127.6, 124.0, 123.9, 123.8, 122.9, 116.5, 109.1, 34.8, 32.0. 
 
 
Suzuki–Miyaura cross-coupling reactions 
Catalysis. A mixture of 0.20 mmol of aryl bromide (aryl bromide used: bromobenzene (31 mg), 2-
bromoaniline (34 mg), 3-bromoaniline (34 mg), 4-bromoaniline (34 mg), 4-bromotoluene (34 mg), 1-
bromonaphthalene (41 mg), or 9-bromoanthracene (51 mg)), two equivalent amounts of phenylboric 
acid (49 mg), and three equivalent amounts of K2CO3 (83 mg) was added in 1 mL of toluene-d8 in a 5 
mL vial. Afterward, the catalyst (catalyst used: I-3-pSA0.18-Pd0.07 (30 mg, 2.0 mol% of Pd), I-5-pSA0.20-
Pd0.05 (30 mg, 1.3 mol% of Pd), II-5-pSA0.17-Pd0.06 (45 mg, 2.3 mol% of Pd), Pd-5-pSA (1.1 mg, 1.3 
mol % of Pd), and PdCl2 (0.5 mg, 1.3 mol% of Pd) was added into the solution. The vial was incubated 
at 100 °C for 1 d, followed by centrifugation to separate the solids from the solution. The supernatant 
was analyzed by 1H NMR spectroscopy. 
Recycling test.  The catalyst, I-5-pSA0.20-Pd0.05,  was isolated from the solution by centrifugation. 
The collected catalyst was washed using toluene, H2O, and MeOH through vacuum filtration. The 
catalyst was vacuum-dried at 150 °C for 1 d and reused for the recycling experiment. 
Leaching test. The catalyst, I-5-pSA0.20-Pd0.05, was separated by centrifugation from the hot solution 
after the reaction was run for 1 h. The filtrate was transferred to a new vial in the absence of a solid 
catalyst, and the reaction was continued for an additional 23 h under the same reaction conditions. No 
further increase in the conversion of bromaniline was observed, which indicates that the catalytic active 
sites for the Suzuki-Miyaura cross-coupling reaction are contained within the solid catalyst. 
3.3 Results and Discussions 
Post-synthetic modification of DEMOF-1 
The amino group on I-5-aSA0.20 can be covalently modified through a Schiff-base condensation reaction. 
The reaction of I-5-aSA0.20 with 2-formyl-pyridine produced I-5-pSA0.20 containing a 5-((pyridin-2-
ylmethylene)amino) group (Figure 3.2a). The Pd-incorporated DEMOF-I, I-5-pSA0.20-Pd0.05, can be 
obtained through post-synthetic metalation.27 The Pd-incorporated MOFs preserved their crystallinity 
after the entire PSM procedure (Figure 3.3). TEM and EDS showed that the Pd atoms were considerably 
dispersed in I-5-pSA0.20-Pd0.05 (Figures 3.4a–c). I-3-pSA0.18 and I-3-pSA0.18-Pd0.07 can also be obtained 
by the same procedure using I-3-aSA0.18 (Figures 3.2b, 3.5, and 3.6). XPS data support the presence of 
Pd(II) ions in I-3-pSA0.18-Pd0.07 (Figure 3.7).  
 
Figure 3.2. 1H NMR spectra of (a) I-5-pSA0.20 and (b) I-3-pSA0.18. The amount of covalently modified 
aminosalicylate by pyridine aldehyde in the DEMOF-I cannot be quantitatively analyzed because the 
Schiff-base condensation product is decomposed to several unidentified compounds by sulphuric acid 
in DCl/D2SO4/DMSO mixed solvent used for the digestion of DEMOF-I and as an NMR solvent. 
 
 
Figure 3.3. PXRD patterns of I-5-aSA0.20, I-5-pSA0.20 and I-5-pSA0.20-Pd0.05. 
 
 
Figure 3.4. TEM image of I-5-pSA0.20-Pd0.05. EDS mappings of (d) Ni (green) and (e) Pd (red) overlaid 
on the TEM image of I-5-pSA0.20-Pd0.05. 
 
Figure 3.5. PXRD patterns of I-3-aSA0.18, I-3-pSA0.18 and I-3-pSA0.18-Pd0.07. 
 
 
Figure 3.6. TEM image of I-3-pSA0.18-Pd0.07. EDS mappings of (d) Ni (green) and (e) Pd (red) overlaid 
on the TEM image of I-3-pSA0.18-Pd0.07. 
 
 
Figure 3.7. XPS spectrum of I-3-pSA0.18-Pd0.07 showing PdII 3d region. 
Porosity of modified DEMOFs 
The covalent PSM of the amine-tagged DEMOF-I and subsequent metalation of the framework slightly 
reduced the pore volume of the corresponding MOF (Figures 3.8a, 3.9a and Table 3.1). The doping of 
n-aSA led to the significant broadening of the pore size distribution of the MOFs (Figures 3.8b and 
3.9b), suggesting that the enlargement and reduction of the local pore dimension occurred 
simultaneously around the defect sites. More interestingly, the covalent PSM had a different effect on 
the pore size distributions of the modified DEMOFs. The functionalization of both amine-substituted 
SAs afforded a narrow pore size distribution of the MOFs. Conversely, while the functionalization of 
the 3-aSA residue mainly reduced the size of the relatively large pore dimension, the functionalization 
of the 5-aSA residue predominantly reduced the size of the relatively small pore dimension. Thus, MOFs 
with different average pore dimensions were produced. The average pore dimension of I-3-pSA0.18-
Pd0.07 (~10 Å) and I-5-pSA0.20-Pd0.05 (~12 Å) is slightly smaller and larger than that of the pristine Ni-
MOF-74 (~11 Å), respectively. 
 
Figure 3.8. (a) N2 sorption isotherms of I-5-aSA0.20, I-5-pSA0.20 and I-5-pSA0.20-Pd0.05. (b) NLDFT 
pore size distributions of I-5-aSA0.20, I-5-pSA0.20, and I-5-pSA0.20-Pd0.05. 
 
Figure 3.9. (a) N2 sorption isotherms of I-3-aSA0.18, I-3-pSA0.18 and I-3-pSA0.18-Pd0.07 at 77 K. (b) 
NLDFT pore size distributions of I-3-aSA0.18, I-3-pSA0.18, and I-3-pSA0.18-Pd0.07. 
DEMOF-II 
There are no reports of the covalent modifications of DOBPDC in Ni2(DOBPDC), an extended analog 
of MOF-74, which contains larger pore dimensions than MOF-74, can provide a more efficient diffusion 
of a substrate or diffuse a larger substrate into the framework than MOF-74.14, 28–30 The same synthetic 
protocol was applied to the synthesis of DEMOF-II to determine whether the synthetic strategy was 
valid for the MOF-74 analog. Following the same procedure used for the preparations of I-n-aSAx 
(Figures 3.10 and 3.11), the amine-tagged DEMOF-II, denoted as II-SA0.10, II-5-aSA0.05, and II-5-
aSA0.17, depending on the incorporated fragments, were successfully synthesized using H4DOBPDC. 
Additionally, the covalently modified DEMOF-II, II-5-pSA0.17 and II-5-pSA0.17-Pd0.06, were prepared 
according to the same covalent PSM procedure used for the preparation of I-5-pSA20 and I-5-pSA0.20-
Pd0.05. The pore volume of II-5-aSA0.17 was significantly reduced compared to that of pristine 
Ni2(DOBPDC) (Figure 3.12a and Table 3.1). The reduced porosity of the amine-tagged DEMOF-II 
might be related to the reduced crystallinity due to the increased number of defect sites in the crystals. 
The presence of n-aSA in the framework altered the average pore dimension and pore size distribution 
of the MOFs. The amine-tagged DEMOF-II had an average pore dimension of 17 Å, which is 
approximately 4 Å smaller than that of the pristine Ni2(DOBPDC) (Figure 3.12b). The pore size 
distribution of the amine-tagged DEMOF-II became wider and shifted to the direction of a relatively 
small dimension. This indicates that the doping of n-aSA reduces pore dimensions around defect sites. 
Subsequent functionalization and Pd metalation slightly reduced the pore volume and pore dimensions 
of the functionalized and Pd-incorporated DEMOF-II, II-5-pSA0.17 and II-5-pSA0.17-Pd0.06. 
 
Figure 3.10. PXRD patterns of the pristine Ni2(DOBPDC), II-SA0.10, II-5-aSA0.05, II-5-aSA0.17, II-5-
pSA0.17, and II-5-pSA0.17-Pd0.06. 
 
Figure 3.11. 1H NMR spectrum of (a) II-SA0.10(7/3), (b) II-5-aSA0.05(7/3), and (c) II-5-aSA0.17(5/5). 
 
Figure 3.12. (a) N2 sorption isotherms of the pristine Ni2(DOBPDC), II-SA0.10, II-5-aSA0.05, II-5-
aSA0.17, II-5-pSA0.17, and II-5-pSA0.17-Pd0.06. (b) NLDFT pore size distributions of the pristine 
Ni2(DOBPDC), II-SA0.10, II-5-aSA0.05, II-5-aSA0.17, II-5-pSA0.17, and II-5-pSA0.17-Pd0.06. 
Table 3.1. BET surface areas and pore volumes of Ni-MOF-74, DEMOF-I, Ni2(DOBPDC), and 
DEMOF-II. 
Sample BET / m2 g-1 Pore volume / cm3 g-1 
Ni-MOF-74 1085 0.494 
I-3-aSA0.18 981 0.482 
I-3-pSA0.18 874 0.471 
I-3-pSA0.46-Pd0.07 824 0.447 
I-5-aSA0.20 1428 0.673 
I-5-pSA0.20 1280 0.563 
I-5-pSA0.20-Pd0.05 1282 0.556 
Ni2(DOBPDC) 2265 1.161 
II-SA0.10 2135 1.061 
II-5-aSA0.05 2115 1.004 
II-5-aSA0.17 1815 0.901 
II-5-pSA0.17 1749 0.935 
II-5-pSA0.17-Pd0.06 1656 0.819 
Suzuki-Miyaura reaction 
Since the Pd(II)-incorporated DEMOFs have a catalytic center in the framework, we performed the 
Suzuki–Miyaura cross-coupling reaction, one of the representative Pd-catalyzed reactions between aryl 
halides and aryl boronic acids,31–33 to evaluate the catalytic activities of the Pd(II)-incorporated 
DEMOFs. As a model reaction, 4-bromoaniline (substrate 1) and phenylboronic acid were selected as 
the substrates to form 4-aminobiphenyl (Table 3.2). While the pristine Ni-MOF-74, I-5-aSA0.20 and I-
5-pSA0.20, showed no catalytic activity (entry 1), I-5-pSA0.20-Pd0.05 afforded a 99% yield of the cross-
coupled product, 4-aminobiphenyl (entry 2). Interestingly, I-5-pSA0.20-Pd0.05 exhibited superior 
catalytic activity compared to PdCl2, a commercially available homogeneous catalyst, under the same 
reaction conditions. Additionally, the catalytic activity of I-5-pSA0.20-Pd0.05 was equivalent to that of 
Pd-5-pSA (entry 5), a homogeneous model catalyst, whose structure imitates the catalytic site of I-5-
pSA0.20-Pd0.05. The catalytic activities of I-5-pSA0.20-Pd0.05 and I-3-pSA0.18-Pd0.07 were also examined 
for the C–C coupling reaction of phenylboronic acid with various aryl bromides (Table 3.3). Both 
catalysts were highly efficient for the reactions. The yields ranged from 72% to 99%, depending on the 
substrate. 
  
It is well known that the heterogeneous catalysts derived from MOFs can utilize the catalytic sites 
located at the outer and inner pore surface of the MOFs.34,35 To elucidate the locations of active catalytic 
sites in the DEMOF-74 catalysts, we performed Suzuki–Miyaura coupling reactions of phenylboronic 
acid with aryl bromides in variable molecular dimensions. The C–C coupling reactions of the smallest 
substrate 4-bromoaniline were quantitative (entries 2 and 3), except for II-5-pSA0.17-Pd0.06 (entry 4), 
which contained the largest pore dimension. The relatively low yield can be attributed to the low density 
of active catalytic centers in II-5-pSA0.17-Pd0.06 compared to the other catalysts investigated. For 1-
bromo-3,5-diphenylbenzene (substrate 2), where the second-largest minimum dimension (MIN-2, 10.8 
Å)  is similar to the pore dimension of I-3-pSA0.18-Pd0.07, the yields ranged from 80% to 88% for the 
same heterogeneous catalysts (entries 7, 9, and 11). These yields contrast with the completion of the 
reaction under the homogenous catalyst, Pd-5-pSA (entry 13). 
  
The size selectivity of the catalysts is sufficiently demonstrated in the reaction of 9,9'-(5-bromo-1,3-
phenylene)bis(3,6-di-tert-butyl-9H-carbazole (substrate 3). The molecular dimension of substrate 3 
(MIN-2, 13.5 Å) is comparable to the pore dimension of I-5-pSA0.20-Pd0.05 and slightly larger than that 
of I-3-pSA0.18-Pd0.07. Additionally, the MIN-2 of the C–C coupled product was estimated to be 17.4 Å, 
which is considerably larger than the pore dimensions of both catalysts. As expected, we observed 
drastically reduced catalytic activities, 30% yield for I-5-pSA0.20-Pd0.05 (entry 8) and 19% yield for I-
3-pSA0.18-Pd0.07 (entry 10). The C–C coupling reactions were expected to occur mainly at the catalytic 
sites located on the outer surface of the MOFs. Meanwhile, the yield of the same reaction with II-5-
pSA0.17-Pd0.06, 53%, was significantly enhanced (entry 12) because the catalytic sites at the outer surface 
and inner pore surface of II-5-pSA0.17-Pd0.06 with an average pore dimension of 17 Å were more 
accessible to the substrate. 
  
Table 3.2. Pd-Catalyzed Suruki-Miyaura cross-coupling reactions. 
 
[a] 1.3 mol% of Pd for I-5-pSA0.20-Pd0.05; 2.0 mol% of Pd for I-3-pSA0.18-Pd0.07; 2.3 mol% of Pd for 
II-5-pSA0.17-Pd0.06; 1.3 mol% of Pd for the other Pd-containing catalysts. [b] Yields were determined 
using 1H NMR spectroscopy. 




2 I-5-pSA0.20-Pd0.05 99 
3 I-3-pSA0.18-Pd0.07[a] 99 
4 II-5-pSA0.17-Pd0.06[a] 71 
5 Pd-5-pSA 99 
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Table 3.3. Various substrates used for the Suzuki–Miyaura cross-coupling reaction under the catalysts, 
I-3-pSA0.18-Pd0.07 and I-5-pSA0.20-Pd0.05. 
 
Entry Substrate Yield for I-3-pSA0.18-Pd0.07 Yield for I-5-pSA0.20-Pd0.05 
15 4 81 88 
16 5 89 83 
17 6 73 79 
18 7 99 99 
19 8 99 99 
20 9 78 72 
21 10 99 96 
 
The leaching of metal ions from the active sites during catalysis is a critical issue for metal-incorporated 
heterogeneous catalysts.31,36 Therefore, a hot-filtration test was performed using the reaction of I-5-
pSA0.20-Pd0.05 to determine whether Pd ions were leached during the reaction. After one h of reaction, 
the catalyst I-5-pSA0.20-Pd0.05 was removed from the reaction mixture by hot filtration, and the filtrate 
was allowed to react for an additional 23 h. The undisturbed C–C coupling reaction was almost complete 
after 24 h. In contrast, once the catalyst was removed by filtration, the reaction stopped, indicating the 
absence of Pd ions in the filtrate (Figure 3.13a). Inductively coupled plasma optical emission 
spectrometry (ICP-OES) for Pd content also supported the absence of Pd in the filtrate, where the 
detected Pd content was below the detection limit of the instrument. The stability and recyclability of 
heterogeneous catalysts are very important for practical applications. To evaluate the recyclability of 
the catalyst, I-5-pSA0.20-Pd0.05 was recovered from the reaction mixture by centrifugation, and the 
recovered catalyst was used in the successive run of the Suzuki–Miyaura cross-coupling reaction. No 
decrease in catalytic activity (> 99% yield) was observed even after the fifth reaction, indicating 
relatively high stability of the catalyst under the reaction conditions (Figure 3.13b). The PXRD 
characterization of I-5-pSA0.20-Pd0.05 after catalysis further demonstrated that the Pd(II)-incorporated 
DEMOF, I-5-pSA0.20-Pd0.05, retained high crystallinity (Figure 3.14). 
 
 








In summary, we successfully demonstrated that the synthesis of functionalized DEMOF-I and DEMOF-
II derivatives can be achieved by amine-tagged fragment installation. The installation of the fragment 
into the framework resulted in defective but highly stable porous MOFs. Amine-tagged DEMOFs can 
be covalently modified with an aldehyde functional group, leading to an iminopyridine functionality, 
which can be further modified by post-synthetic metalation. The Pd-incorporated DEMOFs showed 
highly efficient, size-selective, and recyclable heterogeneous catalytic activities for the Suzuki–Miyaura 
cross-coupling reaction. These results suggest that a combination of fragment installation and 
subsequent covalent PSM will become an efficient protocol to introduce desired functionality into 
MOFs, and this approach will provide great opportunities to explore many MOFs in diverse applications. 
  
3.5 References 
1. Rosi, N. L.; Kim, J.; Eddaoudi, M.; Chen, B.; Keeffe, M. O.; Yaghi, O. M. Rod Packings and Metal-
Organic Frameworks Constructed from Rod-Shaped Secondary Building Units. J. Am. Chem. Soc. 
2005, 127, 1504−1518. 
2. Caskey, S. R.; Wong-Foy, A. G.; Matzger, A. J. Dramatic Tuning of Carbon Dioxide Uptake via 
Metal Substitution in a Coordination Polymer with Cylindrical Pores. J. Am. Chem. Soc. 2008, 130, 
10870−10871. 
3. Bloch, E. D.; Murray, L. J.; Queen, W. L.; Chavan, S.; Maximoff, S. N.; Bigi, J. P.; Krishna, R.; 
Peterson, V. K.; Grandjean, F.; Long, G. J.; Smit, B.; Bordiga, S.; Brown, C. M.; Long, J. R. 
Selective Binding of O2 over N2 in a Redox-Active Metal-Organic Framework with Open Iron(II) 
Coordination Sites. J. Am. Chem. Soc. 2011, 133, 14814−14822. 
4. He, Y.; Krishna, R.; Chen, B. Metal–organic frameworks with potential for energy-efficient 
adsorptive separation of light hydrocarbons. Energy Environ Sci. 2012, 5, 9107-9120. 
5. Kökçam‐Demir, Ü.; Goldman, A.; Esrafili, L.; Gharib, M.; Morsali, A.; Weingart, O.; Janiak, C. 
Coordinatively unsaturated metal sites (open metal sites) in metal–organic frameworks: design and 
applications. Chem. Soc. Rev. 2020, 49, 2751−2798. 
6. Xiao, T.; Liu, D. The most advanced synthesis and a wide range of applications of MOF-74 and its 
derivatives. Microporous and Mesoporous Mater. 2019, 283, 88−103. 
7. McKinlay, A. C.; Xiao, B.; Wragg, D. S.; Wheatley, P. S.; Megson, I. L.; Morris, R. E. Exceptional 
Behavior over the Whole Adsorption-Storage-Delivery Cycle for NO in Porous Metal Organic 
Frameworks. J. Am. Chem. Soc. 2008, 130, 10440−10444. 
8. Kim, J. Y.; Balderas-Xicohténcatl, R.; Zhang, L.; Kang, S. G.; Hirscher, M.; Oh, H.; Moon, H. R. 
Exploiting Diffusion Barrier and Chemical Affinity of Metal−Organic Frameworks for Efficient 
Hydrogen Isotope Separation. J. Am. Chem. Soc. 2017, 139, 15135−15141. 
9. Sarango-Ramírez, M. K.; Lim, D-W.; Kolokolov, D. I.; Khudozhitkov, Al. E.; Stepanov, A. G.; 
Kitagawa, H. Superprotonic Conductivity in Metal−Organic Framework via Solvent-Free 
Coordinative Urea Insertion. J. Am. Chem. Soc. 2020, 142, 6861−6865. 
10. Yang, D-A.; Cho, H-Y.; Kim, J.; Yang, S-T.; Ahn, W-S. CO2 capture and conversion using Mg-
MOF-74 prepared by a sonochemical method. Energy Environ. Sci. 2012, 5, 6465−6473. 
11. Wu, D.; Guo, Z.; Yin, X.; Pang, Q.; Tu, B.; Zhang, L.; Wang, Y-G.; Li, Q. Metal–Organic 
Frameworks as Cathode Materials for Li–O2 Batteries. Adv. Mater. 2014, 26, 3258−3262. 
12. Valvekens, P.; Vandichel, M.; Waroquier, M.; Speybroeck, V. V.; Vos, D. D. Metal-
dioxidoterephthalate MOFs of the MOF-74 type: Microporous basic catalysts with well-defined 
active sites. J. Catal. 2014, 317, 1−10. 
13. Kim, H.; Sohail, M.; Yim, K.; Park, Y. C.; Chun, D. H.; Kim, H. J.; Han, S. O.; Moon, J-H. Effective 
CO2 and CO Separation Using [M2(DOBDC)] (M = Mg, Co, Ni) with Unsaturated Metal Sites and 
Excavation of Their Adsorption Sites. ACS Appl. Mater. Interfaces 2019, 11, 7014−7021. 
14. McDonald, T. M.; Lee, W. R.; Mason, J. A.; Wiers, B. M.; Hong, C. S.; Long, J. R. Capture of 
Carbon Dioxide from Air and Flue Gas in the Alkylamine-Appended Metal−Organic Framework 
mmen-Mg2(dobpdc). J. Am. Chem. Soc. 2012, 134, 7056−7065. 
15. Park, J.; Jiang, Q.; Feng, D.; Mao, L.; Zhou, H-C. Size-Controlled Synthesis of Porphyrinic 
Metal−Organic Framework and Functionalization for Targeted Photodynamic Therapy. J. Am. 
Chem. Soc. 2016, 138, 3518−3525. 
16. Shearer, G. C.; Chavan, S.; Bordiga, S.; Svelle, S.; Olsbye, U.; Lillerud, K. P. Defect Engineering: 
Tuning the Porosity and Composition of the Metal−Organic Framework UiO-66 via Modulated 
Synthesis. Chem. Mater. 2016, 28, 3749−3761. 
17. Park, J.; Wang, Z. U.; Sun, L-B.; Chen, Y-P.; Zhou, H-C. Introduction of Functionalized Mesopores 
to Metal−Organic Frameworks via Metal−Ligand−Fragment Coassembly. J. Am. Chem. Soc. 2012, 
134, 20110−20116. 
18. Fang, Z.; Dürholt, J. P.; Kauer, M.; Zhang, W.; Lochenie, C.; Jee, B.; Albada, B.; Metzler-Nolte, N.; 
Pöppl, A.; Weber, B.; Muhler, M.; Wang, Y.; Schmid, R.; Fischer, R. A. Structural Complexity in 
Metal−Organic Frameworks: Simultaneous Modification of Open Metal Sites and Hierarchical 
Porosity by Systematic Doping with Defective Linkers. J. Am. Chem. Soc. 2014, 136, 9627−9636. 
19. El-Gamel, N. E. A. Generation of Defect-Modulated Metal–Organic Frameworks by Fragmented-
Linker Co-Assembly of CPO-27(M) Frameworks. Eur. J. Inorg. Chem. 2015, 8, 1351−1358. 
20. Wu, D.; Yan, W.; Xu, H.; Zhang, E.; Li, Q. Defect engineering of Mn-based MOFs with rod-shaped 
building units by organic linker fragmentation. Inorg. Chim. Acta. 2017, 460, 93−98. 
21. Villajos, J. A.; Jagorel, N.; Reinsch, S.; Emmerling, F. Increasing Exposed Metal Site Accessibility 
in a Co-MOF-74 Material With Induced Structure-Defects. Front. Mater. 2019, 6, 230. 
22. Pachfule, P.; Shinde, D.; Majumder, M.; Xu, Q. Fabrication of carbon nanorods and graphene 
nanoribbons from a metal–organic framework. Nat. Chem, 2016, 8, 718−724. 
23. Wang, Z.; Cohen, S. M. Tandem Modification of Metal–Organic Frameworks by a Postsynthetic 
Approach. Angew. Chem. 2008, 120, 4777−4780; Angew. Chem. Int. Ed. 2008, 47, 4699−4702. 
24. Yin, Z.; Wan, S.; Yang, J.; Kurmoo, M.; Zeng, M-H. Recent advances in post-synthetic modification 
of metal–organic frameworks: New types and tandem reactions. Coord. Chem. Rev. 2019, 378, 
500−512. 
25. Zhao, Y.-Y.; Zhao, X.-H.; Bing, Y.; Pan, J.-G.; Li, X. Syntheses, Crystal Structures and 
Electrochemical Activities of Co(II) and Cu(II)-Complexes with 5-Aminosalicylate Derivatives. J. 
Chem. Crystallogr. 2013, 43, 568−575. 
26. Okamura, N.; Egawa, K.; Maeda, T.; Yagi, S. Control of excimer phosphorescence by steric effects 
in cyclometalated platinum(II) diketonate complexes bearing peripheral carbazole moieties towards 
application in non-doped white OLEDs. New J. Chem. 2018, 42, 11583−11592. 
27. Doonan, C. J.; Morris, W.; Furukawa, H.; Yaghi, O. M. Isoreticular Metalation of Metal-Organic 
Frameworks. J. Am. Chem. Soc. 2009, 131, 9492−9493. 
28. McDonald, T. M.; Mason, J. A.; Kong, X.; Bloch, E. D.; Gygi, D.; Dani, A.; Crocellà, V.; 
Giordanino, F.; Odoh, S. O.; Drisdell, W. S.; Vlaisavljevich, B.; Dzubak, A. L.; Poloni, R.; Schnell, 
S. K.; Planas, N.; Lee, K.; Pascal, T.; Wan, L. F.; Prendergast, D.; Neaton, J. B.; Smit, B.; Kortright, 
J. B.; Gagliardi, L.; Bordiga, S.; Reimer, J. A.; Long, J. R. Cooperative insertion of CO2 in diamine 
appended metal-organic frameworks. Nature. 2015, 519, 303−308. 
29. Aubrey, M. L.; Ameloot, R.; Wiers, B. M.; Long, J. R. Metal–organic frameworks as solid 
magnesium Electrolytes. Energy Environ. Sci. 2014, 7, 667−671. 
30. Tay, H. M.; Rawal, A.; Hua, C. S-Mg2(dobpdc): a metal–organic framework for determining 
chirality in amino acids. Chem. Commun. 2020, 56, 14829−14832. 
31. Li, X.; Zeeland, R. V.; Maligal-Ganesh, R. V.; Pei, Y.; Power, G.; Stanley, L.; Huang, W. Impact of 
Linker Engineering on the Catalytic Activity of Metal−Organic Frameworks Containing 
Pd(II)−Bipyridine Complexes. ACS. Catal. 2016, 6, 6324−6328. 
32. Fei, H.; Cohen, S. M. A robust, catalytic metal–organic framework with open 2,2’-bipyridine sites. 
Chem. Commum. 2014, 50, 4810−4812. 
33. Xiong, G.; Chen, X-L.; You, L-X.; Ren, B-Y.; Ding, F.; Dragutan, I.; Dragutan, V.; Sun, Y-G. La-
Metal-Organic Framework incorporating Fe3O4 nanoparticles, post-synthetically modified with 
Schiff base and Pd. A highly active, magnetically recoverable, recyclable catalyst for C-C cross-
couplings at low Pd loadings. J. Catal. 2018, 361, 116−125. 
34. Kim, S.; Lee, J.; Jeoung, S.; Moon, H. R.; Kim, M. Surface-Deactivated Core–Shell Metal–Organic 
Framework by Simple Ligand Exchange for Enhanced Size Discrimination in Aerobic Oxidation 
of Alcohols. Chem. Eur. J. 2020, 26, 7568−7572. 
35. Yang, D.; Gates, B. C. Catalysis by Metal Organic Frameworks: Perspective and Suggestions for 
Future Research. ACS Catal. 2019, 9, 1779−1798. 
36. Hussain, I.; Capricho, J.; Yawer, M. A. Synthesis of Biaryls via Ligand-Free Suzuki–Miyaura 
Cross-Coupling Reactions: A Review of Homogeneous and Heterogeneous Catalytic Developments. 
Adv. Synth. Catal. 2016, 358, 3320−3349. 
Chapter Ⅳ 











Flexible metal-organic frameworks (MOFs) are extended network structures composed of inorganic 
nodes and organic linkers with feasible reversible structure transformations when exposed to internal 
guests (encapsulated solvent and reactants or gas molecules) or external stimuli (temperature, pressure, 
or light).1-5 Depending on the functional residues of organic linkers such as amine and hydroxyl groups, 
MOFs can exhibit different flexibilities and various chemical properties. However, to be utilized in a 
variety of applications, flexible MOF must withstand significant structural transformation by 
stimulus.6,7 To increase framework stability, guests such as polymer and supramolecules were 
incorporated into the pore to prevent the collapse of framework structure.8,9 
MIL-53(M) ([M(BDC)(μ2-OH)]n, BDC2- = benzene-1,4-dicarboxylate and M = Al, Fe, Cr, In) 
consisting of an infinite 1D metal node and an organic linker is one of the most famous flexible MOFs 
with impressive framework stability. MIL-53 exhibits breathing behaviour by altering the dihedral angle 
between the inorganic SBU and the linker.10-16 Linker functionalization (H2BDC-X, X = NH2, OH, Br, 
COOH and (OH)2) not only provides new active sites but also adjusts the flexibility of the framework.17-
21 The encapsulation of additional organic ligands inside the solvent pores is often determined by the 
choice of solvent used during MOF synthesis. Reactions under polar solvents such as water lead to 
encapsulation of free ligands inside the solvent pores,10-12,17-19,22 whereas reactions under less polar 
solvents such as DMF and DEF do not. 13,17,18,22 To achieve the breathing of MIL-53-X, it is necessary 
to remove the encapsulated guest molecules in the solvent pores. The encapsulated free ligand can be 
removed either heating the MOF at high temperature or soaking the MOF in polar solvents such as 
water and methanol. MIL-53 is well known for its inherent structural stability in a variety of 
environments and is widely used in applications such as gas adsorption, separation, catalysis, and 
sensors.20,21,23,24 In contrast, as-synthesized MIL-53-X prepared in water containing free ligands in 
solvent pores has not yet been explored. 
High purity heavy water (D2O), an isotopic species of water (H2O), is used as a neutron moderator 
and coolant in nuclear reactors,25 as a solvent during synthesis of deuterated organic compounds26 and 
in nuclear magnetic resonance (NMR) spectroscopy.27 Due to the similar chemical and physical 
properties of D2O and H2O, methods for detecting H2O impurities in D2O have been limited to atomic 
absorption spectroscopy,28 infrared laser spectroscopy29 and NMR spectroscopy.30 However, these 
methods are expensive, time consuming and inconvenient to measure. Therefore, fluorescence-based 
sensors that can detect H2O impurities in D2O easily and inexpensively are of great interest.31-35 H2O 
impurities in D2O can be detected through fluorescence of organic chromophores with proton-
exchangeable sites such as free hydroxyl residues. When the pKa value of the proton-exchangeable site 
properly matches the values of H2O (pH = 6.4-7.0) and D2O (pD = 7.5) at 25 ℃, the chromophore can 
show different fluorescence behaviour according to the ratio of H2O and D2O.32,35 
MIL-53(In)-(OH)2 (MIL-53-H/DMF) was prepared according to the reported procedure using In3+ 
and 2,5-dihydroxy-1,4-benzenedicarboxylaic acid (H2BDC-(OH)2) under a mixed solvent of H2O and 
DMF.36 It is reported that MIL-53-H/DMF containing a free hydroxyl moiety in its ligand has 
functional moieties for hydrogen bonding and π-π stacking interactions and is advantageous for 
detecting nitroaromatics utilizing both interactions. Herein, we report the discovery of the instability of 
MIL-53-H/DMF crystals during the breathing process in water and the fluorescence detection of H2O 
impurities in D2O using a stable MIL-53(In)-(OH)2 (MIL-53-H) containing 0.6 equivalent of free ligand 
(H2BDC-(OH)2) in the solvent pores. We observed that MIL-53-H/DMF crystals do not withstand 
water-induced breathing. When 40-50 μm-sized crystals are soaked in water, the crystals are split into 
micron-sized particles, while simultaneously producing nanometer-sized particles dispersed in solution. 
The two different sized particles show two different fluorescence bands in both H2O and D2O, which 
hinders the ratiometric detection of H2O impurity in D2O. To obtain highly stable MIL-53(In)-(OH)2 in 
water, MIL-53-H containing 0.6 equivalents of free ligand in the solvent pores was synthesized using 
pure water as the synthesis solvent. MIL-53-H can detect H2O impurity in D2O very efficiently because 
the fluorescence intensity of MIL-53-H varies according to the ratio of H2O and D2O. The detection 
limit is less than 1% H2O in D2O, which is much lower than the reported detection limits (Figure 4.1).31 
 
 
Figure 4.1. The intermediated structure (MIL-53-H) including free ligands as water stable MOFs, 
whereas the thermodynamic structure (MIL-53-H/DMF) as an unstable flexible MOF in water. 
4.2 Experimental Section 
General Procedures 
All reagents were purchased from commercial sources and used without further purification. Powder 
X-ray diffraction (PXRD) data were recorded using a Bruker D2 Phaser automated diffractometer at 
room temperature, with a step size of 2θ = 0.02°. Fourier transform–infrared (FT–IR) spectra were 
recorded using a NICOLET iS 10 FT–IR spectrophotometer (4000–400 cm–1). Elemental analyses (EA) 
were conducted using a Flash 2000 elemental analyzer. 1H nuclear magnetic resonance (NMR) spectra 
of samples using CD3OD were recorded using a 400 MHz Fourier-transform–NMR (FT–NMR) 
spectrophotometer analyzer at the UNIST Central Research Facilities. Thermogravimetric analyses 
(TGA) were performed using a Q-600 series instrument from TA Instruments at heating rate of 5 ºC 
min−1 under flowing air gas. Scanning electron microscopy (SEM) was performed using SU-8220 from 
Hitachi. High-resolution transmission electron microscopy (HR-TEM) and energy dispersive 
spectroscopy (EDS) elemental mapping were performed using a JEOL USA JEM-2100F (Cs corrector). 
Gas sorption isotherms were measured using a BELSORP-max (BEL Japan, Inc.) adsorption system, 
employing a standard volumetric technique up to saturation pressure. N2 (purity of 99.999%) sorption 
isotherms were monitored at 77 K, CO2 (purity of 99.999%) sorption isotherms were. All UV-Vis 
spectra were collected using a Cary 5000 (Agilent) UV-Vis-NIR (200–3300 nm) spectrophotometer. 
Fluorescence spectra were collected with a Cary Eclipse fluorometer (Varian) with 5 nm slit width. 
Quantum yields of MOFs were collected using a FP-8500ST spectrofluorometer (Jasco International).  
 
  
Preparation of MOFs 
Preparation of MIL-53-H/DMF 
[In(OH)(BDC-(OH)2)]x. MIL-53-H/DMF was prepared using slightly modified published procedure. 
36 A mixture of In(NO3)3·xH2O (0.150 g, 0.50 mmol) was dissolved in 5 ml of H2O, H2BDC-(OH)2 
(0.099 g, 0.50 mmol) was dissolved in 5 mL DMF and mixed the solutions. The mixed solution in a 
tightly sealed 20 mL vial was heated at 85 °C for 1 day to form colorless crystals. The crystals harvested 
were washed using fresh DMF (10 ml for 4 times) first and then acetone (10 ml 4 times) then vacuum 
dried at 120 °C for a day. EA of [In(OH)(BDC-(OH)2)], C8H5O7In, fw = 327.8 g/mol. Calculated: C, 
29.3; H, 1.5; O, 34.1%. Found: C, 28.7; H, 1.9; O, 33.8%. 
Preparation of MIL-53-H 
[In(OH)(BDC-(OH)2)](H2BDC-(OH)2)0.6(H2O). A mixture of In(NO3)3·xH2O (0.225 g, 0.75 mmol) 
was dissolved in 10 ml of H2O and H2BDC-(OH)2 (0.099 g, 0.50 mmol) was added into the solution. 
The solution in a tightly sealed 20 mL vial was heated at 100 °C for 1 day to form yellow crystals. The 
crystals harvested were washed using fresh hot water (10 ml for 5 times) and then vacuum-dried at 
room temperature for a day. EA of [In(OH)(BDC-(OH)2)](H2BDC-(OH)2)0.6(H2O), C12.8H10.6O11.6In, fw 
= 464.8 g/mol. Calculated: C, 33.0; H, 2.3; O, 39.9%. Found: C, 33.0; H, 2.0; O, 39.3%. 
Preparation of MIL-53-D 
[In(OH)(BDC-(OH)2)]. MIL-53-D was synthesized according to the procedure used in MIL-53-H, but 
instead of H2O, D2O was used in synthesis and washing solvent. 
 
Hammett indicator tests 
This protocol was used in the same manner as published procedures. 37 A set of stock Hammett indicator 
solutions (2 mM) was prepared by dissolving each Hammett indicator in anhydrous benzene under 
ambient conditions. Approximately 5 mg of each activated MOF sample was placed in a 2 mL indicator 
solution under ambient conditions, and the color of the MOF was monitored after 1 h. 
Measurement of UV–Vis spectra. In a typical UV–Vis experiment, 0.4 mg of MOFs was immersed in 
a cuvette with 2.5 mL of solvent, respectively. The mixture was sonicated for 10 min to make a fine 
suspension. UV–Vis spectra were recorded in the range 200–800 nm. 
Steady-state fluorescence measurements. In a typical steady-state fluorescence experiment, 1.2 mg 
of MOFs was immersed in a cuvette with 2.5 mL of solvent, respectively. The suspension was excited 
at 350 nm and the fluorescence emission was measured in the range 370-700 nm.  
Single-crystal structure analyses of the MOFs 
The diffraction data of single crystals of MIL-53-H coated with Paratone oil were measured at either 
298 K with synchrotron radiation (  = 0. 800 Å) on an ADSC Quantum-210 detector at 2D SMC with 
a silicon (111) double crystal monochromator at the Pohang Accelerator Laboratory, Korea. The ADSC 
Q210 ADX software38 was used for data collection (detector distance 63 mm, omega scan;  = 1 , 
exposure time 1 s per frame) and HKL3000sm (ver. 703r)39 was used for cell refinement, reduction, and 
absorption correction. All crystal structures were solved by a direct method using the XS program and 
refined by full-matrix least-squares calculations using the XL program of the SHELX program 
package.40 
[In(OH)(BDC-(OH)2], MIL-53-H. A yellow block-shaped crystal, 0.018 × 0.015 × 0.015 mm3, 
C8H4O7In, fw = 326.93 g∙mol–1, monoclinic, space group C2/m, a = 13.894(3) Å, b = 18.365(4) Å, c = 
7.1843(14) Å, β = 119.93(3), V = 1588.7(7) Å3, Z = 4, T = 298 K, μ (synchrotron, λ = 0.800 Å) = 2.034 
mm–1, 4,757 reflections were collected, 1,354 were unique [Rint = 0.1087]. All non-hydrogen atoms 
were refined anisotropically; the hydrogen atoms were assigned isotropic displacement coefficients 
U(H) = 1.2U (C and μ-O) or 1.5U (O), and their coordinates were allowed to ride on their respective 
atoms. Least-squares refinement of the structural model was performed under geometry restraints such 
as DELU and SIMU. Final refinement was performed with modification of the structure factors for the 
electron densities of the disordered solvents (744.7 Å3, 46.9% of the total unit cell volume; 358 electrons 
correspond to ~36 water molecules per unit cell) using the SQUEEZE option of PLATON. The 
hydrogen atoms of the water molecules are not included in the least-squares refinement. Refinement of 
the structure converged at R1 = 0.0561 and wR2 = 0.1442 for 1,058 reflections with I > 2 (I); R1 = 
0.0640 and wR2 = 0.1506 for all 1,354 reflections. The largest difference peak and hole were 2.042 and 
0.916 e·Å 3, respectively. 
 
  
Table 4.1. Crystal data and structure refinement of MIL-53-H. 
Empirical formula  C8H4O7In 
Formula weight  326.93 
Temperature  298(2) K 
Wavelength  0.800 Å 
Crystal system  Monoclinic 
Space group  C2/m 
Unit cell dimensions a = 13.894(3) Å α = 90° 
 b = 18.365(4) Å β = 119.93(3)° 
 c = 7.1843(14) Å γ = 90° 
Volume 1588.7(7) Å3 
Z 4 
Density (calculated) 1.367 Mg/m3 
Absorption coefficient 2.034 mm-1 
F(000) 628 
Crystal size 0.018 × 0.015 × 0.015 mm3 
Theta range for data collection 2.497 to 27.996° 
Index ranges 16<=h<=16, 21<=k<=21, 8<=l<=8 
Reflections collected 4757 
Independent reflections 1354 [R(int) = 0.1087] 
Completeness to theta = 27.996° 96.6 %  
Absorption correction Empirical 
Max. and min. transmission 1.000 and 0.964 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1354 / 54 / 79 
Goodness-of-fit on F2 1.132 
Final R indices [I>2sigma(I)] R1 = 0.0561, wR2 = 0.1442 
R indices (all data) R1 = 0.0640, wR2 = 0.1506 
Extinction coefficient n/a 
Largest diff. peak and hole 2.04 and 0.916 e·Å 3 
 
  
4.2 Results and Discussion 
Reported MIL-53(In)-(OH)2 which was synthesized with In(NO3)2∙6H2O and 2,5-dihydroxy1,4-
benzenedicarboxylic acid (H2BDC-(OH)2) using mixed solvent system of H2O and DMF (MIL-53-
H/DMF). The structure is a MIL-53 analogue containing dihydroxyl groups in linker, with hydrogen 
bonding and π-π interaction sites feasible for fluorescence detection of nitroaromatic compounds in 
water (Figure 4.2).36 As the result of reported studies revealing plausible interactions using free 
hydroxyl group, MIL-53-H/DMF can be assumed to be utilized for fluorescence sensing H2O in D2O 
via hydrogen bonding. The fluorescence spectrum of MIL-53-H/DMF in H2O showed the one major 
emission peak at 450 nm and a shoulder emission peak at 535 nm. On the other hand, in D2O, MIL-53-
H/DMF indicated clear two emission peaks at 450 and 550 nm (Figure 4.3). The fluorescence 
photographs of MIL-53-H/DMF in H2O or D2O solution appear opaque. In order to determine where 
the two emission peaks came from, the solid and the solution was separated. The fluorescence spectra 
of the filtrate in H2O (535 nm) and D2O (550 nm) revealed a single peak consistent with one of the 
peaks of MIL-53-H/DMF in H2O or D2O, respectively. These emission peaks were different from the 
ligand’s seen in H2O or D2O. Another fluorescence peak at 450 nm originates from the bulk framework, 
the solid. Fluorescence photographs of MIL-53-H/DMF soaked in H2O (blue) or D2O (white) indicated 
different colours of the filtrate, which were green (535 nm) in H2O and yellow (550 nm) in D2O (Figure 
4.4). The white emission from D2O in UV can be assigned to bulk structure (blue at 450 nm of emission) 
and the decomposed structure (yellow at 550 nm), whereas the blue emission from H2O was the 
predominant light for the bulk structure (450 nm) and the decomposed structure appeared weakly in full 
light.41 Absorbance spectra of bulk and filtrate showed similar absorbance peaks (Figure 4.5). 
 
Figure 4.2. The reported structure of MIL-53-H/DMF.36 
 
Figure 4.3. Fluorescence spectra of MIL-53-H/DMF and filtrates in H2O and D2O. Those were 
emission peaks different from the ligands. 
 
Figure 4.4. The fluorescence photographs of MIL-53-H/DMF in (a) H2O and (b) filtrate after filtration, 
in (c) D2O and (d) filtrate after filtration under 352 nm of UV light. 
 
Figure 4.5. Absorbance spectrum of MIL-53-H/DMF in H2O and filtrate removed solid MOF. 
To discover the properties of the filtrate, small amounts of nanoparticles were obtained by evaporating 
H2O from the filtrate. The nanoparticles were so small in particle size (10-20 nm) that PXRD patterns 
was not shown (Figures 4.6 and 4.7).42 Surprisingly, the nanoparticles had different binding modes 
compared to MIL-53-H/DMF and ligand, resulting in different fluorescent emission (Figure 4.8). Free 
carboxylate bands are seen in the nanoparticle. A deliberate soaking of MIL-53-H/DMF in H2O, leads 
to the dissociation of crystals to less than 10 μm particle size from 40-50 μm (Figures 4.9a and b). 
From the high resolution SEM image of the surface, it can be confirmed that MOF consists of nano-
crystals with a size of 10 to 20 nm (Figures 4.9c and d).43,44 After immersion in water, the crystallites 
were less dense compared to the pre-soaked sample and cracks were introduced between crystallites 
(Figures 4.9c and d). Nano-crystal dissociated and dispersed in water displayed different binding modes 
and exhibited different fluorescence properties. 
 
Figure 4.6. TEM image of dried particle from filtrate MIL-53-H/DMF in H2O. 
 
 
Figure 4.7. PXRD patterns of dried particle from filtrate MIL-53-H/DMF in H2O. 
 
Figure 4.8. FT-IR spectra for comparison of dried particle from filtrate MIL-53-H/DMF in H2O. 
 
Figure 4.9. SEM Image of MIL-53-H/DMF (a), (c) before added H2O and (b), (d) after added H2O. (c) 
and (d) are the surface of the crystal.  
 
  
In order to check whether the crystals of MIL-53-H/DMF were repeatedly split by either H2O or D2O, 
crystals were first immersed in water and then filtrated and then immersed again for 3 cycles. The two 
types of fluorescence emission peaks were still present because framework was repeatedly broken in 
water, but the tendency for the degree of repeated cracking was not confirmed (Figure 4.10). In addition, 
MIL-53-H/DMF could not be used as the proper ratiometric fluorescence sensor for H2O in D2O 
because bulk micro-sized sample did not show the linear correlation with H2O contents in D2O. 
Although we could not clarify what is the decomposed nano-sized particle, it revealed the linear 
correlation of increased H2O contents in D2O with decreased fluorescence intensity (Figure 4.11).  
 
Figure 4.10. Recycling test for MIL-53-H/DMF soaked in either (a) H2O or (b) D2O.  
 
Figure 4.11. MIL-53-H/DMF for ratiometric fluorescence sensing for H2O in D2O. (b) Peak intensity 
from deconvolution of two emission peaks in each ratio of H2O contents in D2O. 
  
In N2 adsorption isotherm above P/P0 = 0.8, the pore volume is slightly increased by the defect site 
(Figure 4.12a). MIL-53-H/DMF was changed to a more rigid structure after treatment with water, 
which shifted the gate opening pressure to a higher value in CO2 adsorption at 195 K (Figure 4.12b). 
Besides, water vapour sorption also shows a difference in gate opening pressure (Figure 4.13). 
Surprisingly, while the amount of CO2 adsorption decreased, the amount of H2O adsorption increased 
by 50%, which is thought to be increased due to the exposed hydroxyl group on downsizing surface. 
The small size frameworks including less defect sites showed the rigid structures 45,46. 
 
Figure 4.12. (a)N2 at 77 K and (b) CO2 at 195 K adsorption of MIL-53-H/DMF before and after 
soaking in H2O. 
 
Figure 4.13. H2O adsorption of pristine MIL-53-H/DMF and after H2O treatment of MIL-53-H/DMF. 
  
MIL-53 that was synthesized using water as the synthesis solvent includes free ligand in the as-
synthesized material. MIL-53(M)-(OH)2 was previously reported using solvent such as DMF or DEF 
which does not contain free ligands in the pore.17,18,36 However, MIL-53-H was synthesized using 
In(NO3)2∙6H2O and H2BDC-(OH)2 in H2O and washed only with hot H2O. The overall crystal structure 
of MIL-53-H was similar to the reported MIL-53-H/DMF structure (Figure 4.2 and Table 4.1). The 
PXRD patterns of as-synthesized MIL-53-H was consistent with simulation of MIL-53-H. However, 
it has different PXRD patterns and the crystal system as that of MIL-53-H/DMF soaked in water 
structure. (Figure 4.14 and Table 4.2) The crystalline structure of MIL-53-H was maintained even in 
activated form (through a vacuum at room temperature) and was similar to the as synthesized MIL-53-
H which is different from MIL-53-H/DMF. When RT activated sample was soaked in H2O, the 
structure remained the same as the as-synthesized MIL-53-H, whereas the structure of MIL-53-
H/DMF was still different from any state of MIL-53-H (Figure 4.15). It was confirmed through optical 
image that MIL-53-H crystal was maintained without dissociating into the smaller crystals in water 
(Figure 4.16). 
 
Figure 4.14. Ball and stick diagrams of the single-crystal structure of MIL-53-H (a) Framework 
showing a 1D rhomboidal channel in c-axis view (b) A wall generated by ligands of the BDC-(OH)2 
units between 1D rods. 
 
Figure 4.15. PXRD patterns of MIL-53-H and MIL-53-H/DMF as-synthesized (assyn), upon 
activation and in H2O. 
 
 
Figure 4.16. Optical image of before and after MIL-53-H soaked in H2O. scale bar is 10 μm. 
  
Table 4.2. Crystal structure of MIL-53-H, MIL-53-H/DMF upon assyn and in H2O. 
 
MIL-53-H MIL-53-H/DMF assyn MIL-53-H/DMF in H2O 
Crystal system Monoclinic Orthorhombic Orthorhombic 
Space group C2/m Cmca Cmca 
a / Å 13.8940 37.417 35.639 
b / Å 18.3650 22.907 25.816 
c / Å 7.1843 7.1370 7.1500 
β / o 119.932 
  
Volume / Å3 1589 6117 6578 
 
  
The binding mode of MIL-53-H investigated by FT-IR. In addition, MIL-53-D synthesized in D2O 
instead of H2O was compared with MIL-53-H. Most of the band signal of MIL-53-H/DMF were also 
present in MIL-53-H and MIL-53-D and additional bands were seen in MIL-53-H and MIL-53-D at 
1688 and 1505 cm-1, which can be assigned to the carboxylate of free ligand (Figure 4.17).19,47 The 
carboxylate band of MIL-53-H was different that of H2BDC-(OH)2 and was similar to the blue shift of 
free H2BDC in MIL-53.47 On the other hand, MIL-53-H/DMF showed no carboxylate band of free 
ligands suggesting that free ligands were not included in the pore. MIL-53-D included interacted D2O 
in the frameworks appeared with additional bands for D2O at 2450, 1210 and 1000 cm-1. In the case of 
MIL-53-X, the role of the solvent used in synthesis solvent has not been clearly reported. Here we 
interpret that DMF, less polar than water, play the role of disrupting hydrogen bond with free ligands 
and frameworks during crystal growths. 
 




The amount of H2BDC-OH2 by TGA 
Free ligands and linkers were removed by thermal energy at different temperature to calculate the guest 
molecules and linker of frameworks.10,11 MIL-53-H showed two major weight loss between room 
temperature and 800 ℃, with the first weight loss (obsd: 3.4%; calcd 3.5%) corresponding to 1 
equivalents of H2O up to 120 ℃ and the next step, above 250 ℃, removed 1.6 equivalents of H2BDC-
(OH)2 (obsd 67.5%; calcd 66.2%) from the frameworks. 1 equivalent of BDC-(OH)2 was due to the 
linkers of the MOFs and the left of 0.6 equivalent of H2BDC-(OH)2 was from the free organic molecule 
inside the pore. Moreover, elemental analysis (EA) also indicated the 1.6 equivalent of H2BDC-(OH)2 
in MIL-53-H. The thermal stability of intermediate structure (MIL-53-H) was slightly better than that 
of the thermodynamic structure (MIL-53-H/DMF), which exhibited a higher decomposition 
temperature (above 250 ℃) (Figure 4.18).  
 
Figure 4.18. TGA of MIL-53-H and MIL-53-H/DMF in air. 
 
  
In order to remove the interacted free ligand from the pore, MIL-53-H was immersed in methanol, 
which has sufficient solubility for H2BDC-(OH)2. As a result, the overall crystal structure of MIL-53-
H was easily converted to MIL-53-H/DMF in methanol for 1 day (Figure 4.19a). The freely interacting 
H2BDC-(OH)2 of MIL-53-H can be dissolved in CD3OD and separated easily from the framework, 
which was confirmed by FT-NMR spectrum (Figure 4.20). After removal of the trapped H2BDC-(OH)2 
in MIL-53-H, the free ligand bands in FT-IR disappeared and changed to the binding mode of MIL-
53-H/DMF (Figure 4.19). H2BDC-(OH)2 trapped inside the pore can be removed by using polar 
solvents (methanol, acetone) (Figure 4.21). 
 
 
Figure 4.19. (a) PXRD and (b) FT-IR of MIL-53-H in methanol. 
 
Figure 4.20. FT-NMR of (a) H2BDC-(OH)2 dissolved in CD3OD (b) MIL-53-H soaked in CD3OD (c) 
MIL-53-H/DMF soaked in CD3OD. H2BDC-(OH)2 was encapsulated in MIL-53-H, but not 
encapsulated in MIL-53-H/DMF. 
 
Figure 4.21. PXRD of MIL-53-H in acetone. 
Thermal stability of MIL-53-H 
Above 120 ℃, H2O evaporated from MIL-53-H based on TGA analysis. Its crystallinity decreased and 
converted to different structures at 120 ℃ in vacuum to remove the water (Figure 4.22). Whereas, free 
H2BDC-(OH)2 remained inside the pore as can be seen from the similar binding mode before and after 
heating (Figure 4.23). As H2BDC-(OH)2 and H2O play the important roles for synthesis of crystalline 
structure to maintain a rigid framework, the crystal structure was recovered to MIL-53-H when 
activated framework was immersed in water.  
  
 
Figure 4.22. PXRD of MIL-53-H in different activation temperature for dried and H2O soaking. 
 
 
Figure 4.23. FT-IR of MIL-53-H in different activation temperature. 
Gas sorption and water adsorption of MIL-53-H 
Thermodynamic structure, MIL-53-H/DMF, is a flexible MOF, and CO2 sorption isotherms behaviour 
at 195 K revealed the gate opening phenomenon at P = 0.3 bar. On the other hand, the activated form 
of MIL-53-H, lacks large enough pores to allow N2 and CO2 gases to pass through (Figure 4.24). MIL-
53-H has higher hydrophilicity property that opened the pore to allow water molecules to be absorbed, 
70 cm g-1 of water at P/P0 = 0.2 and saturating thereafter (Figure 4.25).48 Whereas, MIL-53-H/DMF 
absorbed water almost linearly, but during the desorption isotherms, water was evacuated at P/P0 = 0.42 
which may be due to the interaction between water and the frameworks. MIL-53-H has closed pore 
when H2O was removed, but when exposed in air, water from humid environment is filled in the 
framework pore.  
 
Figure 4.24. (a) N2 sorption isotherm at 77 K and (b) CO2 at 195 K sorption isotherm of MIL-53-H 
and MIL-53-H/DMF. 
 
Figure 4.25. H2O adsorption of MIL-53-H and MIL-53-H/DMF. 
  
Fluorescence  
Depending on the slight variation in acidity of H2O (RT, pH: 6.4 ~ 7.0) and D2O (RT, pD: 7.5), the 
metal-free organic fluorophore including hydroxyl groups uses reactive sites for H2O and D2O 
sensing.32,35 MIL-53-H and MIL-53-H/DMF showed similar absorbance spectrum at 350 nm (Figure 
4.26). Unlike MIL-53-H/DMF, which was unstable in water, MIL-53-H is stable in water and is used 
for fluorescence detection for H2O (535 nm) in D2O (550 nm) using ratiometric analysis (Figure 4.27a). 
In addition, the fluorescence maximum intensity decreased linearly with increasing H2O content 
(Figure 4.27b). The hydroxyl group of the framework linker interacts with either H2O or D2O, which 
have different effect on electron transfer from framework linker to the free ligand and consequently 
fluorescence emission is affected. The LUMO of linker is -2.14 eV and the LUMO of ligand is -2.32 
eV so electron transfer process is possible. According to the limit of detection of MIL-53-H towards 
H2O in D2O was determined to be less than 1%. Different in intensities for the mixture ratio of H2O 
(dark green) and D2O (bright yellow) can be easily seen from the fluorescence images taken in UV 
(Figure 4.28). Fluorescence quantum yields were also calculated for MIL-53-H in H2O (21%) and D2O 
(72%). As MIL-53-H was instinctively coordinated with H2O from humidity as evident from water 
vapour sorption data, therefore, MIL-53-H exhibited the solid-state fluorescence emission at 530 nm 
similar to that immersed in H2O (Figure 4.29). 
 
Figure 4.26. Absorbance spectrum of MIL-53-H and MIL-53-H/DMF in H2O. 
 
Figure 4.27. (a) Fluorescence spectrum of MIL-53-H sample in D2O with different H2O contents (b) 
The fluorescence maximum intensity with H2O contents in D2O. 
 
Figure 4.28. The fluorescence photo image of MIL-53-H from H2O to D2O in different ratio. 
 
 




In summary, depending on the synthesis solvent condition, as-synthesized MIL-53(In)-(OH)2 includes 
either free ligand or solvent from the pore. Until now, MIL-53(In)-(OH)2 was synthesized using solvent 
mixture of H2O and DMF (MIL-53-H/DMF), which includes removable solvent guest molecules in the 
pore. After removing guest molecule, activated MIL-53-H/DMF could not withstand sudden breathing 
behaviour in water. The particle was broken down into small particles from 40-50 μm to less than 10 
μm and nanoparticle was seen in opaque aqueous solution. Free hydroxyl group is the detection sites 
for H2O in D2O by fluorescence. MIL-53-H/DMF indicated two fluorescence emission peaks in both 
H2O and D2O, which originates from bulk micro-sized crystals and nano-sized crystals, respectively. 
Nano-sized crystals have different binding mode in comparison to bulk crystals and ligands. In order to 
stabilize MIL-53(In)-(OH)2, we first synthesized water stable structures of MIL-53(In)-(OH)2 (MIL-
53-H) that include the free ligands (H2BDC-(OH)2) interacting with the frameworks by using only water 
as a synthetic solvent. Excess 0.6 equivalent of free ligands are encapsulated in the pore to make the 
framework rigid and stable in water. MIL-53-H can be converted to the thermodynamic structure, MIL-
53-H/DMF, when immersed in different polar solvents removing H2BDC-(OH)2 from the pore. MIL-
53-H showed promising behaviour as a fluorescent sensor for detection of different ratios of H2O in 
D2O, and can detect less than 1% of H2O. Until now, the encapsulated free ligand has gone unnoticed 
due to introduction of porosity by removing the guest molecules. However, through this work, the free 
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